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ABSTRACT 
 
Bacteroides spp. compose about 25-30% of the culturable microflora of the 
human colon and have acquired genes for resistance to tetracycline (tetQ) and 
erythromycin (ermF) due to conjugative transposons such as CTnDOT. Excision from the 
chromosome is the first step during transfer of a conjugative transposon (CTn) to a 
recipient. We previously showed that excision of CTnDOT is more complex than the 
excision of lambdoid phages and CTns such as Tn916. Excision of CTnDOT in vivo 
utilizes four CTnDOT-encoded proteins: IntDOT, Xis2c, Xis2d, and Exc as well as a host 
factor. We previously developed an in vitro excision reaction where the recombination 
sites, attL and attR, were located on different plasmids. The reaction was inefficient and 
did not require Exc, suggesting that the reaction conditions did not mimic in vivo 
conditions. Here we report the development of an intramolecular excision reaction where 
the attL and attR sites are located on the same DNA molecule. We found that Exc 
stimulates the reaction 3 to 5-fold. The efficiency of the excision reaction was also 
dependent on the distance between the attL and attR sites and on the sequences of the 
overlap regions between the sites of strand exchange. Substrates with identical overlap 
sequences recombined more efficiently than substrates with heterologous overlap 
sequences. This was surprising because the integration reaction is not sensitive to 
heterology in the overlap regions. We identified the binding sites of the excision proteins 
on the attR site during excision.  
CTnDOT has a complex regulatory system for both excision from the 
chromosome and transfer and mobilization into a new host. It was previously shown that 
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a cloned DNA segment encoding the xis2c, xis2d, orf3, and exc genes was required for 
tetracycline dependent activation of the Ptra promoter. Xis2c and Xis2d are required for 
excision, while the Exc protein stimulates excision in vitro. We report here that neither 
the Orf3 nor the Exc proteins are involved in activation of the Ptra promoter. Deletion 
analysis and electromobility shift assays showed that the Xis2c and Xis2d proteins bind 
to the Ptra promoter to activate the tra operon. Thus, the recombination directionality 
factors of CTnDOT excision also function as activator proteins of the Ptra promoter. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
iii 
   
 
ACKNOWLEDGMENTS 
 
I would especially like to thank Dr. Jeffrey Gardner for acting as my adviser and 
for his guidance during my research. I appreciated his teaching me to think like a 
scientist, his invaluable help and leadership in writing manuscripts, and providing 
exciting research opportunities during my graduate career. I also enjoyed the personal 
relationship we developed, although I will always have some disbelief that P1 
transductions actually work.  
Several graduate students provided emotional and scientific support during my 
graduate career that I would like to personally acknowledge. First, Margaret Wood has 
been a wonderful co-worker and friend and has been there through the ups and downs of 
graduate school. Developing a scientific and personal friendship with Margaret Wetzel 
has been one of the highlights of graduate school. Although we came into graduate 
school as strangers, I will leave considering her a great friend. Her scientific suggestions 
during our daily workouts will always be appreciated. I would also like to acknowledge 
Ella Rotman and Brian Budke who not only helped with strains and suggestions 
throughout my graduate school career but have also become great friends. Caryn Wadler, 
now at the University of Wisconsin, not only provided strains and support but also taught 
me quite a few scientific techniques and tricks that I will always appreciate. Her personal 
friendship has been a highlight of the last six years. Thanks are also extended to my 
fellow graduate students Jennifer Laprise, Jillian Waters, Crystal Hopp, Seyeun Kim, 
Kenneth Ringwald, and Sumiko Yoneji, and Lara Rajeev who provided helpful advice 
and friendship during my Ph.D.  
iv 
   
 
There are several people outside of the University of Illinois that have been 
emotionally supportive during my graduate school career. First, Jennifer Harper has been 
one of my closest friends for almost 15 years now and I consider her a sister. We both 
started our Ph.D. at the same time and she was always ready to talk shop or provide 
support when experiments worked or failed. I’m not sure where I would be if not for her 
friendship and the high bar we set for each other. Yuni Lio is one of my closest friends 
and our weekly phone conversations have kept me sane during the last six years. I cannot 
describe how indebted I am to her for sending me bagels from New Jersey during my 
research when I missed decent bagels and needed a taste of home. I know she may not 
always understand what I talk about but her friendship and love is one of the best things 
in my life.  
Finally I would never have achieved as much in life without the love and support 
of my parents David and Rita Keeton. Their constant support throughout my life from my 
childhood allowed me to develop my strong interest in science.  
 
 
 
 
 
 
 
 
 
 
v 
   
 
TABLE OF CONTENTS 
 
CHAPTER ONE:  GENERAL INTRODUCTION .............................................................1 
Spread of Antibiotic Resistance in Bacteroides Spp. ...........................................................1 
Conjugative Transposons .....................................................................................................2 
CTnDOT ..............................................................................................................................3 
Tetracycline Activates Excision and Transfer of CTnDOT ................................................4 
Integration of CTnDOT .......................................................................................................5   
IntDOT and Identification of its DNA Binding Sites ..........................................................6  
CTnDOT Excision ...............................................................................................................8  
Excision in Other Tyrosine Recombinase Systems ...........................................................12  
Thesis Outline ....................................................................................................................14  
References ..........................................................................................................................17  
Table ..................................................................................................................................24   
Figures................................................................................................................................25   
 
CHAPTER TWO:  THE ROLES OF EXC PROTEIN AND DNA HOMOLOGY  
IN THE CTNDOT EXCISION REACTION ....................................................................31 
Introduction ........................................................................................................................31 
Materials and Methods .......................................................................................................34 
Results ................................................................................................................................39 
Discussion ..........................................................................................................................45  
References ..........................................................................................................................51 
vi 
   
 
Tables .................................................................................................................................54   
Figures................................................................................................................................56   
 
CHAPTER THREE:  THE EXCISION PROTEINS OF CTNDOT POSITIVELY 
REGULATE THE TRANSFER OPERON .......................................................................64 
Introduction ........................................................................................................................64 
Materials and Methods .......................................................................................................66 
Results ................................................................................................................................70 
Discussion ..........................................................................................................................73  
References ..........................................................................................................................76 
Table ..................................................................................................................................79   
Figures................................................................................................................................80  
 
CHAPTER FOUR:  CREATION OF AN IN VIVO EXCISION SYSTEM 
IN E. COLI .........................................................................................................................84 
Introduction ........................................................................................................................84 
Materials and Methods and Results ...................................................................................84 
Discussion ..........................................................................................................................92 
References ..........................................................................................................................93 
Figures................................................................................................................................94   
 
 
 
vii 
   
 
CHAPTER FIVE:  MUTATIONAL ANALYSIS OF INTDOT:  
IDENTIFICATION OF THE AMINO ACIDS INVOLVED IN 
HOLLIDAY JUNCTION RESOLUTION ......................................................................103 
Introduction ......................................................................................................................103 
Materials and Methods .....................................................................................................106 
Results ..............................................................................................................................107 
Discussion ........................................................................................................................109  
References ........................................................................................................................110 
Tables ...............................................................................................................................111   
Figures..............................................................................................................................115   
  
CHAPTER SIX:  IDENTIFICATION OF THE ATTB SITES IN E. COLI ....................120 
Introduction ......................................................................................................................120 
Materials and Methods .....................................................................................................121 
Results ..............................................................................................................................123 
Discussion ........................................................................................................................124  
References ........................................................................................................................125 
Tables ...............................................................................................................................126   
Figure ...............................................................................................................................131   
 
 
 
 
viii 
   
 
CHAPTER SEVEN:  EVALUATION OF PLASMIDS IN THE  
INTRAMOLECULAR EXCISION REACTION CONTAINING  
INDIRECT REPEATS OF THE ATTR AND ATTL SITES ............................................132 
Introduction ......................................................................................................................132 
Materials and Methods .....................................................................................................132 
Results and Discussion ....................................................................................................133 
References ........................................................................................................................134 
Figures..............................................................................................................................135   
 
CHAPTER EIGHT:  THE EXCISION INTASOME OF CTNDOT  
ASSEMBLES ON THE ATTR SITE ...............................................................................137 
Introduction ......................................................................................................................137 
Materials and Methods .....................................................................................................140 
Results ..............................................................................................................................143 
Discussion ........................................................................................................................149  
References ........................................................................................................................155 
Tables ...............................................................................................................................158   
Figures..............................................................................................................................160   
 
CHAPTER NINE: CONCLUSIONS ...............................................................................167 
 
ix 
   
 
CHAPTER ONE 
GENERAL INTRODUCTION 
 
SPREAD OF ANTIBIOTIC RESISTANCE IN BACTEROIDES SPP. 
The human colon contains a diverse group of microorganisms responsible for the 
breakdown and digestion of food. Two phyla, Bacteroidetes and Firmicutes, dominate the 
microflora (11). Bacteroides spp. compose a majority of the Bacteroidetes phylum within 
the colon. They were once thought to account for 25-30% of the flora of the human colon 
based upon culturing experiments (41). However recent studies using quantitative PCR 
on 16S RNA isolated from colon samples show that Bacteroides spp. account for 43% of 
the microorganisms while Firmicutes sp. account for slightly less at 35% (11, 41). As the 
dominant microorganism in the human colon, Bacteroides spp. can interact with a diverse 
group of Gram-negative and Gram-positive bacteria as they pass through the colon during 
digestion (62, 70). Thus, there is abundant opportunity for horizontal gene transfer and 
spread of conjugative and mobilizable elements. 
Bacteroides spp. are altruistic bacteria within the human colon and aid in 
digestion of complex carbohydrates (73). Bacteroides spp. are Gram-negative obligate 
anaerobes that are opportunistic pathogens, causing abscess formation within the body, 
which can lead to long term infections and the possibility of death. They are capable of 
escaping the colon following blunt force trauma or any event that perforates the colon. 
Due to the abscesses they form within the body, infections are difficult to treat with 
antibiotics. Bacteroides spp. are naturally resistant to aminoglycosides. Over the last 
thirty years, Bacteroides spp. have acquired resistance to tetracycline, erythromycin, and 
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clindamycin due to the acquisition of transmissible elements (17, 62, 64, 76). The ermG 
gene usually found in Gram-positive bacteria has been observed in Bacteroides spp. (70), 
Bacteroides spp. also have recently acquired resistance to clindamycin and carbapenem 
(18, 30). 
The presence of conjugative transposons, also known as integrative conjugative 
elements (ICES), accounts for a majority of the transmissible elements in Bacteroides sp. 
(54). A subset of resistance derives from mobilizable transposons (MTns) which require 
proteins from the CTns to transfer to the recipient but encode the necessary proteins for 
excision from the chromosome (1). MTns can carry antibiotic resistances, for example 
Tn4555 encodes cefoxitin resistance, while NBU2 of Bacteroides spp. encodes 
lincomycin resistances (53, 61, 63, 68).  
 
CONJUGATIVE TRANSPOSONS 
Conjugative transposons are integrated DNA elements that transfer by 
conjugation from the donor to a recipient bacterium, where they integrate into the 
genome (5, 7, 56). They are found in three phylogenic groups: Gram-positives, Gram-
negative proteobacteria, and Gram-negative Bacteroides. A conjugative plasmid, pNOB8, 
has been isolated from Archaea (58, 79).  The first CTns to be identified was Tn5253 
from Streptococcus pneumonia (19). Almost all of the antibiotic resistance genes in 
Bacteroides are derived from the conjugative transposon, CTnDOT, or close relatives, 
which contains genes that encode resistance to tetracycline (tetQ) and erythromycin 
(ermF) (22, 59, 60, 74). Increased use of tetracycline correlates to the prevalence of 
CTnDOT in clinical and environmental samples (8). The spread of CTnDOT accounts for 
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the rise of tetracycline resistance from 30% to 80%, and erythromycin resistance from 
<2% to 23% within the Bacteroides spp. over the last three decades (8). Another close 
relative of CTnDOT that encodes resistance to erythromycin by the ermB gene is 
CTnBST, which appears to be a hybrid of a putative conjugative transposon from 
Bacteroides fragilis fused to DNA from Arcanobacterium pyogenes (24, 55).  
 
CTNDOT 
CTnDOT, a 65 kb element, is prevalent in Bacteroides spp. samples isolated in 
both environmental and clinical settings (62). CTnDOT is unique among the conjugative 
transposons in that excision and transfer is triggered by the presence of tetracycline 
which increases excision and transfer 1000-fold (7, 8, 69). Although tetracycline induces 
the excision and transfer of CTnDOT, the inducer in nature is unknown. Until the cells 
are exposed to tetracycline, CTnDOT remains stable in the chromosome. A schematic 
representation of CTnDOT shows the different regions in the transposon (Figure 1.1). 
There are several regions of CTnDOT that encode gene products with known functions. 
The int gene product encodes IntDOT, the recombinase of CTnDOT. This protein is 
responsible for the integration into and excision from the chromosome of CTnDOT. 
IntDOT belongs to the tyrosine recombinase family and is a heterobivalent protein 
containing N-terminus arm-type binding and C-terminus core-type binding domains (7, 
38, 42). IntDOT catalyzes recombination by a sequential cleavage, exchange, and ligation 
of the DNA strands via a Holliday Junction (HJ) intermediate (3, 16, 47, 67). The 13 kb 
region adjacent to the int gene product contains the ermF gene (74). It appears to be a 
chimera of a class I composite transposon and a mobilizable transposon that is found in 
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independent isolates of CTnDOT. This suggests that all environmental samples of 
CTnDOT, which contain this insertion, derived from a common ancestor (7). The ermF 
gene product encodes a protein that modifies the ribosome to protect against 
erythromycin (7). The next encodes the excision proteins Xis2c, Xis2d, and Exc (7).  
These proteins also act as activators of the transfer operon, traA- Q genes during 
excision, and possibly the mobilization operon, mobA-C (29, 75). The tetQ gene product 
is a protein that modifies the ribosome to protect against tetracycline (7). The mechanism 
by which CTnDOT senses tetracycline and activates excision requires the proteins RteA, 
RteB, and RteC. The mechanism by which they sense tetracycline and activate excision 
will be discussed below.  
 
TETRACYCLINE ACTIVATES EXCISION AND TRANSFER OF CTNDOT 
CTnDOT encodes all proteins for maintenance, excision, and integration, except 
for one protein. This protein, provided by the cell, is the Bacteroides Host Factor (BHFa), 
which is required for integration into and excision from the chromosome. BHFa is similar 
to the integration host factor (IHF) in the Lambda system, which is required for excision 
and integration of the phage (13, 44, 51, 72). IHF and BHFa are small DNA bending 
proteins that promote integration and excision, and in the case of IHF can act as a 
transcriptional activator (28, 49, 78). 
 In Bacteroides spp., IntDOT is expressed constitutively when CTnDOT is 
integrated in the chromosome (7). Excision is triggered by the presence of tetracycline (7, 
8, 40). After tetracycline enters the cell, it induces a regulatory cascade. RteA and RteB 
are a two component regulatory system. RteA is the sensor component and RteB is the 
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transcriptional regulator (40, 65). RteB activates expression of the rteC gene, and RteC 
induces expression of the excision operon containing the xis2c, xis2d, and exc genes (40, 
48). IntDOT, BHFa, Xis2c, Xis2d, and Exc promote excision of CTnDOT from the 
chromosome (32). The excision proteins Xis2c, Xis2d, and Exc stimulate expression of 
the transfer operon, and possibly the mobilization operon, by binding upstream of the 
promoter and recruiting RNA polymerase (32). When CTnDOT excises from the 
chromosome, it forms a closed circular intermediate that is nicked at the oriT site and 
transferred to the recipient cell by conjugation (10). Once the DNA enters the recipient 
cell, it circularizes and is replicated from ssDNA to dsDNA. Presumably, when the 
induction signal is removed, IntDOT and BHFa promote integration of CTnDOT into the 
donor and recipient chromosome. 
 
INTEGRATION OF CTNDOT 
  CTnDOT integration into the chromosome occurs by site-selective recombination 
(Figure 1.2). Integrative recombination in vivo and in vitro requires two proteins, the 
CTnDOT encoded tyrosine recombinase, IntDOT, and the recently identified host factor 
called BHFa (Ringwald and Gardner, in preparation) (7). These proteins promote 
recombination between two attachment sites called attDOT and attB. The attDOT site is 
600 bp and the attB site is 60 bp (8). CTnDOT integration has been studied both in vivo 
and in vitro (7, 9). The in vitro integration reaction contains a double stranded 
radiolabeled attB site and a supercoiled plasmid containing the attDOT site. IntDOT and 
BHFa are added to the reaction, which is incubated overnight to allow for maximal 
integration of about 40% (7, 36, 38). The reaction is then analyzed by agarose gel 
5 
   
 
electrophoresis and quantified by a phosphorimager. In this reaction, the Escherichia coli 
IHF can substitute non-specifically for BHFa, resulting in an integration frequency of 20-
25% (36). 
 
INTDOT AND IDENTIFICATION OF ITS DNA BINDING SITES 
  IntDOT is a heterobivalent protein containing the N-terminus arm-type and C-
terminus core-type domains (4, 14, 34, 38). The N-terminus of IntDOT binds arm-type 
sites found in the attDOT site while the C-terminus interacts with the overlap sequence. 
Four IntDOT monomers bind the att sites during recombination but only two are active at 
each stage to prevent all four stands from being cleaved and exchanged simultaneously. 
Regulation of activity of the IntDOT monomers is hypothesized to be controlled by 
protein-protein interactions of the C-terminal tails of IntDOT (2, 21, 23, 25, 31). 
Following the first round of strand exchange, a HJ intermediate is formed and resolved 
by a second round of strand exchange (21, 27, 33). A HJ is a mobile junction that is 
formed by four strands of DNA. 
  Five potential N-terminal IntDOT binding sites were identified on attDOT by 
DNaseI footprinting: R1, R2, R2 ʹ, L1, and L2 (Figure 1.2) (14). The role of each arm-
type site was evaluated by mutational analysis using the in vitro integration reaction (77). 
Using this reaction, only plasmids containing mutations in the L1 arm-type site had no 
detectable integration; therefore, this site is required for integration. If mutations were 
constructed in two arm-type sites such as R1 and R2′, integration was abolished. Based 
upon these results, a consensus sequence of 5 ʹ DGTWACDNWD 3 ʹ was identified as 
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the binding sequence of IntDOT. Using this sequence, a 6th arm-type site called R1 ʹ was 
identified which had been missed by DNaseI footprinting (77).  
  IntDOT also binds by its C-terminus core-type domain to the D and Dʹ sites in 
attDOT and the B and Bʹ in the attB site. The core sites are the 10 bp inverted repeats 
flanking the 7 bp overlap sequence where the sequential strand exchanges occur during 
recombination (Figure 1.2). The first exchange requires 2 bp of DNA identity adjacent to 
the cleavage site in each site. In the wild-type attDOT site and all of the known attB sites 
in Bacteroides, the sequence is a GC dinucleotide. Following the first strand exchange, a 
HJ is formed. Following formation of a HJ, IntDOT catalyzes a second strand exchange, 
which does not require DNA homology between the other five base pairs of the overlap 
sequence (38).  
  One main difference between IntDOT and other members of the tyrosine 
recombinase family, despite similar overall structure in the catalytic domain, is the 
requirement of DNA homology within the overlap sequence. In all other known tyrosine 
recombinase systems, DNA homology within the overlap sequence, and hence the ability 
of the HJ to from Watson-Crick basepairs, is absolutely required for HJ formation and 
resolution such in the case of Lambda Int (23, 43, 46, 71). Other recombinases such as 
Cre and Flp also require homology in the overlap sequences during recombination (26, 
57). IntDOT differs from other tyrosine recombinase in that it does not require DNA 
homology in the overlap sequences for integration into the chromosome. Furthermore, 
there is no difference in integration efficiency if the overlap sequences are the same or 
different. It is possible that the differences between IntDOT and other tyrosine 
recombinases is the ability to resolve different overlap sequences occur during the 
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resolution of HJs, where IntDOT has the ability to resolve HJs with mismatches while 
other tyrosine recombinases lack this function.  
  Presumably IntDOT and BHFa assemble a complex on the attDOT site called the 
integrative intasome which undergoes synapsis with an attB site to form the integrative 
synaptic complex. The mechanism by which recombination occurs is as follows: the 
tyrosine in the active site of the integrase nicks the phosphodiester backbone to form a 3’-
phosphotyrosine linkage between the tyrosine residue in the enzyme and the DNA. The 
5-OH nucleophilic group attacks the opposite DNA strand creating the first round of 
strand exchange forming a HJ (20). If the overlap sequences are the same, it is possible 
for the HJ to form seven Watson-Crick basepairs. In the Lambda system, it is proposed 
that the second cleavage site is in the middle of the overlap region (45). If only two of the 
seven are the same, the HJ can only form two Watson-Crick basepairs in the HJ. Unlike 
other tyrosine recombinases, IntDOT only needs two Watson-Crick basepairs compared 
to the seven required by other enzymes. Following a second round of strand exchange, 
which is homology independent, CTnDOT integrates into the chromosome at one of 
several attB sites and forms the attL and attR sites (7, 8).  
 
CTNDOT EXCISION 
  Another difference between CTnDOT and other mobile elements is that the 
excision system used by CTnDOT appears to be more complex (42). The presence of 
tetracycline induces production of proteins that promote the excision and transfer of 
CTnDOT (7, 8). Excision from the chromosome requires IntDOT and the host factor 
BHFa, along with three additional CTnDOT encoded proteins: Xis2c (formerly called 
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Orf2c), Xis2d (formerly called Orf2d), and Exc, which were identified by deletion 
analysis and complementation experiments as will be discussed below (8, 15). The DNA 
sequences required for excision are the 420 bp attL and the 220 bp attR sites (15). 
CTnDOT excision has been studied both in vivo and in vitro (8, 66).  
  Xis2c and Xis2d are small basic proteins similar to Lambda Xis and other 
recombination directionality factors (RDFs) (37). Exc is a DNA topoisomerase III 
enzyme capable of relaxing DNA in vitro (6). The topoisomerase activity is mediated by 
the catalytic tyrosine in the active site (6). However, when the catalytic tyrosine of Exc is 
mutated to a phenylalanine (Y315F), there is no detectable effect on excision in vivo (15). 
IntDOT, BHFa, Xis2c, Xis2d, and Exc assemble excisive intasomes on the attL and attR 
sites that undergo synapsis which is followed by two rounds of strand exchanges to 
produce the attDOT and attB sites (Figure 1.3).  
  Excision in vivo in Bacteroides is an intramolecular reaction with the attL and 
attR sites on the same DNA molecule (Figure 1.4). The excision genes xis2c, xis2d, 
intdot, and exc were originally identified as essential for excision in vivo in Bacteroides. 
Insertions were constructed in the excision operon that disrupted expression of the 
excision proteins and plasmids encoding the excision proteins were provided in trans. 
Only plasmids containing xis2c, xis2d, and exc restored WT levels of excision and 
transfer in Bacteroides as measured by Southern blot or mating assays.  
 A subsequent in vitro intermolecular excision was developed that contained the 
attL and attR sites on two different plasmids (Figure 1.5). One plasmid was pir-
dependent and encoded resistance to ampicillin while the other was not pir dependent and 
contained chloramphenicol resistance. Presumably in this reaction, two independent 
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intasomes formed on the attL and attR sites on each plasmid, and then the two plasmids 
collide to initiate recombination. Excision ranged from 0.5-5% as measured by colonies 
growing on ampicillin and chloramphenicol plates (15). This reaction was very inefficient 
in vitro, which may be due to the low probability of the attL and attR sites successfully 
colliding and forming a synaptic complex.  
In this system, the excision proteins were supplied from Bacteroides crude 
extracts that contained IntDOT, Xis2c and Xis2d, Exc, and a crude extract lacking 
CTnDOT to provide the then-unidentified host factor BHFa. Only reactions containing 
IntDOT, Xis2c and Xis2d, and BHFa resulted in detectable excision (15). If IHF was 
substituted for a Bacteroides crude extract containing BHFa, no recombination was 
detected. Thus, IHF could not substitute for BHFa in this assay.  
Surprisingly, this reaction did not require Exc for recombination and if Exc was 
added to the reaction, there was no difference in recombination levels (15). It was 
hypothesized that the lack of a role for Exc in the intermolecular reaction could be a 
consequence of the DNA topology caused by the attL and attR sites being on two 
different plasmids. An important difference between the in vitro intermolecular reaction 
and the situation encountered by the excision proteins in vivo is that the attL and attR 
sites were on different DNA molecules rather than as part of the same molecule as found 
in the natural form of CTnDOT in vivo.  
  The intermolecular reaction was employed to test substrates with changes in the 
overlap sequences in either the attL or attR sites (15). If the overlap sequences were 
changed by site directed mutagenesis to be the same in each plasmid, there was no 
difference in recombination frequency compared to plasmids containing homology in 
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only the first two base pairs of the overlap sequences. This is similar to integration of 
CTnDOT where only the first two base pairs adjacent to the sites of the first strand 
exchanges must be the same. This suggests that the recombination occurring when the 
attL and attR sites are on different molecules resembles integration. Thus, the first strand 
exchange is homology dependent while the second strange exchange is homology 
independent (15). 
  Plasmids containing mutations in the arm-type sites were mutated and evaluated 
for their role in the intermolecular reaction (77). Plasmids were constructed by site 
directed mutagenesis with mutations in each arm-type site R1, R1’, R2, R2’, L1, and L2. 
Depending on the arm-type site, between 4-6 bp were changed (77). Recombination 
frequencies by plasmids containing these mutations in the arm-type sites ranged from no 
effect to a 20 fold decrease in the intermolecular excision reaction. No site was absolutely 
required for recombination. Plasmids containing mutations in the L1, R1, and R1ʹ sites 
showed the most drastic effect of a 10-20 fold decrease in excision, while plasmids with 
mutations in the R2 and R2 ʹ sites had a 3-6 fold decrease. Plasmids with mutations in the 
L2 site had no effect. It was surprising that no site was absolutely required as in the case 
of integration, where the plasmids with mutations in the L1 site had no detectable 
integration. The addition of Exc to the reaction was not evaluated.  
The intermolecular reaction has been employed to evaluate the effect of the arm-
type sites, to identify the role of homology in the overlap sequence, and to identify the 
proteins involved in the intermolecular reaction. However, Exc had a role in vivo in 
Bacteroides but lacked a function in this reaction. In addition, the efficiency of the 
excision reaction was low. Therefore, the next step would be to develop an 
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intramolecular excision reaction that contains the attL and attR sites on the same plasmid 
that represents the topology of the sites in the chromosome of Bacteroides (39).  
 
EXCISION IN OTHER TYROSINE RECOMBINASE SYSTEMS 
  Excision has been studied extensively in only a few other tyrosine recombinase 
systems, most notably in the phage Lambda system. Only a few excision systems from 
conjugative transposon systems have been studied and to a limited degree. In most cases, 
only the excision genes and inducer signal have been identified. For example, a recently 
identified conjugative transposon ICEBs1, in Bacillus subtilis, requires an int, xis, and 
attachment sites to excise from the chromosome. Excision occurs in response to 
concentrations of nearby bacteria or DNA damage (39). In another case, the Rhizobium 
phage 16-3 integrates into and excises from the chromosome by site-specific 
recombination that is mediated by the DNA sequences attB and attP along with the 
proteins Int and Xis (39). Finally, the most closely studied conjugative transposon to 
CTnDOT is Tn916, which only requires Int and Xis to excise from the chromosome (39, 
52).  
  In most excision systems, the protein requirements appear to differ from 
CTnDOT. Many systems only have one element encoded Xis protein instead of the two 
Xis proteins found in CTnDOT. For example, Lambda only encodes one Xis protein that 
binds the attR site during excision (Figure 1.6). Excision systems such as Lambda require 
an additional protein for optimal excision in addition to Lambda, Int, and IHF. Fis is a 
DNA binding protein with similarity to IHF and BHFa. Xis and Fis directly interact 
during excision by binding the attR site as a nucleoprotein filament and by promoting the 
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binding of Lambda Int that aids in forming the attR intasome (17, 25). This protein 
inhibits integration and promotes excision (50). In the case of CTnDOT, the mechanism 
by which both Xis2c and Xis2d are strictly required for excision is unknown but will be 
discussed further in Chapter 3. In the case of CTnDOT, there is also the additional 
protein Exc. The function of Exc will be discussed below in the Thesis Outline and 
Chapter 2.  
  Each tyrosine recombinase system has a different number and arrangement of 
arm-type binding sites used during the integration into and the excision from the 
chromosome. In each tyrosine recombinase system, the N-terminal domain of the 
tyrosine recombinase binds the arm-type sites to catalyze recombination. However, there 
is little primary sequence similarity between different tyrosine recombinases, which 
results in the different number and consensus sequence of the arm-type binding sites. For 
example, Lambda Int has five arm-type sites divided between the attL and attR sites 
(Figure 1.6). Within each tyrosine recombinase system, some arm-type sites are required 
for integration while others may only be involved in excision. Thus, each individual 
system arm-type site requirement must be determined.  
  Another major difference between other tyrosine recombinase systems is the role 
of homology in the overlap sequences. In the Lambda system, complete homology is 
needed for detectable integration into and excision from the chromosome (35). However, 
systems such as CTnDOT and other related conjugative transposons do not share this 
requirement (50). Although the sequence requirement for CTnDOT was evaluated in the 
intermolecular reaction, it has not been evaluated in a true intramolecular excision 
13 
   
 
reaction. No other excision system with the ability to resolve mismatches in the overlap 
sequence has been examined to the effect of mutations in the overlap sequence.  
 
THESIS OUTLINE 
This project investigated the DNA and protein requirements for optimal excision 
of CTnDOT in an in vitro intramolecular excision reaction with focus on identifying 
DNA binding sites, the homology requirement of the overlap sequence, the effect of 
distance between the attL and attR sites, and identifying functions for the excision 
proteins. 
In Chapter 2, I present a newly developed in vitro intramolecular excision 
reaction with the attL and attR sites on the same plasmid (32). A plasmid containing the 
attL and attR sites on the same molecule was created with the lacZα gene between the 
sites. In these experiments, for the first time, all the excision proteins were overexpressed 
in E. coli, with no Bacteroides crude extract used. All proteins were either partially 
purified or purified except Xis2c, which was supplied from a crude extract from E. coli. 
When excision plasmids were incubated with the excision proteins and transformed into 
E. coli, the reaction had an excision frequency ranging from less than 1% to virtual 
completion depending on the conditions of the reaction and the type of substrate used. In 
this reaction, IntDOT, Xis2c, Xis2d, and BHFa were strictly required for excision (Table 
1.1). The addition of Exc to the reaction increased excision 3-5 fold and thus has been 
classified as an enhancer of excision.  
Optimization of three factors increased excision. First, substrates with the same 
overlap sequences in the attL and attR sites increased the efficiency of the excision 
14 
   
 
reaction. Second, the addition of Exc to reactions increased excision 3-5 fold. Third, 
increasing the distance between the attL and attR sites resulted in higher rates of excision. 
Other substrates such as relaxed DNA and substrates containing direct repeats of the attL 
and attR sites were also evaluated. Supercoiling of DNA was not required for excision to 
occur. Substrates with direct repeats of the attL and attR site invert when incubated with 
the excision proteins.  
In Chapter 3, I show that the excision proteins Xis2c and Xis2d bind the Ptra 
promoter to activate the tra operon. It was previously shown that a cloned DNA segment 
encoding the xis2c, xis2d, orf3, and exc genes was required for tetracycline dependent 
activation of the Ptra promoter. I show that neither the Orf3 nor the Exc proteins are 
involved in activation of the Ptra promoter. Deletion analysis and electromobility shift 
assays showed that the Xis2c and Xis2d proteins bind to the Ptra promoter to activate the 
tra operon. Thus, the recombination directionality factors of CTnDOT excision also 
function as activator proteins of the Ptra promoter. 
In Chapter 4, I present the details of an in vivo excision assay for CTnDOT.  This 
assay is adapted for use in E. coli. I constructed a series of plasmids for each of the 
excision genes that are compatible with each other.  In addition, I constructed several 
versions of constructs to integrate into the chromosome that contains the attL and attR 
sites of CTnDOT.  This system was tested and yielded the excision phenotype in 25% of 
colonies.   
In Chapter 5, I discuss the substitutions I have constructed in the intDOT gene to 
test for the ability to perform in vivo integration. I tried to determine the second residue 
involved in protein-protein HJ resolution.  I narrowed the search to two possible residues 
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that may be the second half of the coupler, the part of IntDOT responsible for HJ 
resolution.  
In Chapter 6, I discuss an in vivo integration system I constructed to determine the 
possible attB sites in the genome of E. coli which attDOT might integrate. Two isolated 
colonies were sequenced and the overlap sequences were determined. 
In Chapter 7, I show that the excision proteins are capable of binding and 
inverting indirect repeats of the attL and attR sites.  
In Chapter 8, I identified the binding sites of the IntDOT on the attL and attR sites 
and Xis2d on the attR site during excision. First, I mutagenized arm-type sites on 
plasmids with the same and different overlap sequence. These substrates were tested in 
the in vitro intramolecular reaction with and without Exc. I found 3 arm-type sites are 
strictly required for excision, R1, R1′, and L1. Next, I identified the two Xis2d binding 
sites on the attR site. I mutagenesis each site and tested these plasmids in excision.  
Finally, I performed EMSA analysis on attR to show the binding of Xis2d with and 
without IntDOT.  
In Chapter 9, I conclude my research and discuss future directions of each project. 
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FIGURES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1. Diagram of CTnDOT. CTnDOT is a 65 kb conjugative transposon that 
contains distinct regions encoding gene products responsible for integration, excision, 
regulation, transfer, and mobilization. It also encodes gene products for tetQ and ermF. 
This figure is a gift from Nadja Shoemaker.  
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attDOT 
attB 
Figure 1.2. Integration of CTnDOT into an attB site. The conjugative transposon 
CTnDOT contains the attDOT site. There are six arm-type sites R1ʹ, R1, R2, R2ʹ, 
L1, and L2 adjacent to the core region where the N-terminal domain of IntDOT 
binds during recombination. The core region contains the D, Dʹ, the B and Bʹ 
sites where catalytic domain of IntDOT binds and catalyzes recombination 
between the seven bp overlap sequences (black arrows). Following integration 
into the chromosome, the attL and attR sites are formed.  
 
  
R1 R2 R2ʹ L2 L1 
Dʹ D 
  
R1ʹ 
CTnDOT 
GCTTAGT 
CGAATCA 
GCGCAAT 
CGCGTTA   
B Bʹ 
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Figure 1.3. The in vitro integration reaction. The reaction contains a supercoiled 
attDOT site cloned into pUC19. The plasmid is incubated overnight with a 
radiolabeled attB in the presence of IntDOT and the host factor, either IHF or 
BHFa. The reaction products are separated and visualized on an agarose gel and 
quantified by a phosphorimager. 
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Figure 1.6. Schematic representation of the Lambda attP and attB sites. In 
Lambda, the overlap sequence is 7 bp apart. Adjacent to the overlap sequence 
are the inverted repeats where Lambda Int binds to catalyze strand exchange. 
Protein binding sites are shown above; X for Xis, H for IHF, and P for the arm-
type sites. Adapted from (12). 
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CHAPTER TWO 
THE ROLES OF EXC PROTEIN AND DNA HOMOLOGY IN THE CTNDOT 
EXCISION REACTION 
 
INTRODUCTION 
  Bacteroides spp. are Gram negative obligate anaerobes found in the human colon 
but can act as opportunistic pathogens if they escape from the colon during surgery or 
other abdominal traumas.  Bacteroides spp. have acquired antibiotic resistance genes 
from transmissible elements called conjugative transposons or integrative conjugative 
elements (ICES) (22). One well studied example is CTnDOT, a 65 kb element which 
carries the tetQ and ermF genes that confer tetracycline and erythromycin resistance 
respectively (28). The presence of tetracycline induces production of proteins that 
promote the excision and transfer of CTnDOT. When CTnDOT excises from the 
chromosome, it forms a closed circular intermediate that is nicked and transferred to the 
recipient cell by conjugation. Following circularization of the single stranded DNA and 
replication in the recipient, CTnDOT integrates into the chromosome at one of several 
attB sites (5, 21). 
  CTnDOT integration into the chromosome requires the CTnDOT encoded 
tyrosine recombinase, IntDOT, and a host factor (Ringwald and Gardner, in preparation) 
(5). These proteins promote recombination between two attachment sites called attDOT 
and attB. The attDOT site is 600 bp and the attB site is 60 bp (7). Presumably IntDOT 
and the host factor assemble a complex on the attDOT site called the integrative intasome 
which undergoes synapsis with an attB site. Recombination occurs by sequential strand 
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exchanges 7 bp apart in a region called the overlap sequence in each site. The first 
exchange requires 2 bp of DNA homology adjacent to the cleavage site in each site while 
the second strand exchange does not require homology (12, 16).  IntDOT differs from 
other tyrosine recombinase in that it does not require homology in the overlap sequences 
for integration into the chromosome and, furthermore, there is no difference in integration 
efficiency if the overlap sequences are the same or different. Presumably, the differences 
in the ability to resolve different overlap sequences occur during the resolution of 
Holliday Junctions (HJs), where IntDOT has the ability to resolve HJs with mismatches 
while other tyrosine recombinases lack this function.  
Another difference between CTnDOT and other mobile elements is that the 
excision system used by CTnDOT appears to be more complex. Excision from the 
chromosome requires IntDOT and the host factor along with three additional CTnDOT 
encoded proteins Xis2c (formerly called Orf2c), Xis2d (formerly called Orf2d), and Exc 
which were identified by deletion analysis and complementation experiments (6, 25). 
Xis2c and Xis2d are small basic proteins similar to Lambda Xis and other recombination 
directionality factors (RDFs) (14). Exc is a DNA topoisomerase III enzyme capable of 
relaxing DNA in vitro (26). The topoisomerase activity is mediated by the catalytic 
tyrosine in the active site (4). However, when the catalytic tyrosine of Exc is mutated to a 
phenylalanine (Y315F), there is no detectable effect on excision in vivo (26). The DNA 
sequences required for excision are the 420 bp attL and the 220 bp attR sites (9). IntDOT, 
the host factor, Xis2c, Xis2d, and Exc assemble excisive intasomes on the attL and attR 
sites that undergo synapsis which is followed by two rounds of strand exchanges to 
produce the attDOT and attB sites. 
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The role of Exc in excision was opened to further question by the finding that 
although Exc appeared to be required for excision in vivo, it was not required in the in 
vitro intermolecular reaction.  An intermolecular reaction was developed where the attL 
and attR sites were on two different plasmids (25). In this reaction, the excision 
frequency was low and ranged from 0.5-5%. The reaction only required IntDOT, Xis2c, 
Xis2d, and a Bacteroides crude extract containing the host factor (25). The lack of a role 
for Exc in the intermolecular reaction could be a consequence of the DNA topology 
caused by the attL and attR sites being on two different plasmids.  
An important difference between the in vitro intermolecular reaction and the 
situation encountered by the excision proteins in vivo is that the attL and attR sites are on 
different DNA molecules rather than as part of the same molecule as found in the natural 
form of CTnDOT in vivo.  In this paper, we developed an in vitro intramolecular excision 
reaction with the attL and attR sites on the same plasmid. We report that when substrates 
containing different overlap sequences in the attL and attR sites are tested for excision, 
Exc is required for maximal recombination. Supercoiling of DNA was not required for 
excision to occur.  A surprising finding, given that IntDOT tolerates differences in the 
overlap sequences during the integration reaction, was that substrates with the same 
overlap sequences in the attL and attR sites increased the efficiency of the excision 
reaction.  
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MATERIALS AND METHODS 
Plasmids, Bacterial Strains, Electrophoresis, and Growth Conditions 
All plasmids and strains used in this paper are described in Table 2.1.  The 
primers used in constructing the excision plasmids are listed in Table S1 in the 
supplemental material section. Sequencing of the plasmids was done by either the UIUC 
Core Sequencing Facility or ACGT, Inc. Oligonucleotides were synthesized by Integrated 
DNA Technologies, Inc. Bacterial strains were grown in Luria–Bertani (LB) broth or on 
LB agar plates or MacConkey-lactose plates (23). Antibiotics were supplied by Sigma 
and used at the following concentrations: kanamycin (kan) 50µg/ml; chloramphenicol 
(cam) 20µg/ml; and ampicillin (amp) 100 µg/ml. Restriction enzymes, alkaline 
phosphatase, and T4 DNA ligase were supplied by New England Biolabs. PCR reactions 
were either performed with KOD Hot Start DNA Polymerase from Novagen or PCR 
Master Mix from Fermentas. Agilent Technologies’ QuikChange XL site-directed 
mutagenesis kit was used for site-directed mutagenesis.  The TriDye 100bp and 1kb 
ladder were from NEB. 
 
Purification of the Excision Proteins 
 IntDOT was partially purified by Heparin-Agarose column chromatography 
(Amersham HiTrap) as previously described (15). Purification of the host factor will be 
described elsewhere (K. Ringwald and J. Gardner, in preparation). Exc and Y315F Exc 
were prepared as previously described (11).  The xis2c (GenBank: AJ431573) and xis2d 
genes (GenBank: AJ431573) were cloned by the following method. The xis2c and xis2d 
genes were PCR amplified from the chromosomal DNA of B. thetaiotaomicron 5482A 
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BT4007 using the Xis2c or Xis2d forward and reverse primers (Table 2.2). The xis2c 
gene was cloned into the NdeI and HindIII sites of pET-30a(+) vector to make the 
plasmid pCMK936 (29-31).  The xis2d gene was cloned into the NdeI and XhoI sites of 
the pET-27b(+) vector to make the plasmid pCMK1042 (29-31).   The vectors and PCR 
amplified inserts were ligated and the mixtures were electroporated into DH5αMCR. 
Colonies were screened by PCR using the pET-27b(+) or pET-30a(+) sequencing 
primers. Plasmids containing xis2c or xis2d genes were isolated from the colony screen 
were sequenced using the pET-27b(+) or pET-30a(+) sequencing primers.  
Xis2c was overexpressed in E. coli BL21 (DE3) ihfA background. Cells were 
grown to an optical density of 0.6 at A600 nm at 30°C and induced with 1mM IPTG. 
After induction, cells were grown at 30°C for four hours and pelleted by centrifugation. 
The cell pellet was frozen overnight and resuspended in 20 ml of low salt sodium 
phosphate buffer (50 mM sodium phosphate, pH 7.0, 50 mM NaCl, 1 mM EDTA pH 7.0, 
5% glycerol, 1 mM dithiothreitol (DTT), and a Roche Complete EDTA-free protease 
inhibitor tablet. Cells were sonicated and centrifuged at 45000 rpm in a Beckman L5-758 
ultracentrifuge using a Type 70.1 Ti rotor for 45 minutes. The supernatant was aliquoted, 
frozen in a dry ice in ethanol bath, and stored at -80°C. 
 Xis2d was overexpressed in E. coli BL21(DE3) ihfA background. Cells were 
grown to an optical density of 0.6 at A600 nm at 30°C and induced with 1mM IPTG. 
After induction, cells were grown at 25°C for four hours and pelleted by centrifugation. 
The cell pellet was frozen overnight and resuspended in 20 ml of low salt sodium 
phosphate buffer as described above. Cells were sonicated and centrifuged at 45000 rpm 
in a Beckman L5-758 ultracentrifuge using a Type 70.1 Ti rotor for 45 minutes. The 
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supernatant was loaded onto an Amersham HiTrap Heparin- Agarose column and washed 
with 10 column volumes of low salt sodium phosphate buffer. The protein was eluted off 
the column with a high salt sodium phosphate buffer (50 mM sodium phosphate, pH 7.0, 
2M sodium chloride, 1 mM EDTA pH 7.0, 5% glycerol, 1 mM DTT). A salt gradient 
ranging from 50mM to 2M NaCl was used for elution and Xis2d eluted from the column 
at 1M NaCl. Active fractions were dialyzed in Xis2d storage buffer (50 mM sodium 
phosphate, pH 7.0, 1M NaCl, 1 mM EDTA pH 7.0, 40% glycerol, 1 mM DTT) three 
times for three hours each. The supernatant was aliquoted, frozen in a dry ice in ethanol 
bath, and stored at -80°C. The identity of Xis2d was confirmed by mass spectrometry 
performed at the University of Illinois Mass Spectrometry lab.  
 
Construction of the in vitro Intramolecular Excision Reaction Substrates 
The attDOT site from pGEMT-attDOT was PCR amplified and subcloned into 
pRA102, a pir+ dependent plasmid (32-33). Colonies were screened using the pRA102 
AvaII site sequencing primers. A plasmid containing the attDOT insert was sequenced 
and designated pCMK937. Next, an insert containing the attB site and the lacZα gene 
was PCR amplified from pRA109 using attB/lacZα primers. The forward primer contains 
the entire attB site from CTnDOT along with the promoter and the first 51 bases of the 
lacZ gene. The primer also contained the mutations to change the wild type promoter of 
lacZα to the lac UV5 promoter (34). The PCR product of attB/lacZαUV5 contained the 
first 67 amino acids of lacZ gene. pCMK937 was recombined with the PCR product 
containing the attB site and the lacZα gene using the in vitro integration reaction (Figure 
2.1). The reaction was performed as described by Laprise et al. (6).  The resulting product 
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was a linear product containing BamHI restriction sites on the ends. Following digestion 
with BamHI and ligation with DNA ligase, the plasmid was circularized to produce 
pCMK1013. This plasmid contains 426 bp between the attL and attR sites and has 
different overlap sequences. The attL site contains the overlap sequence GCGCAAT and 
the attR site contains the overlap sequence GCTTAGT.    
Additional DNA between the attL and attR sites was cloned into the BamHI site 
to increase the distance between the attL and attR sites to 1444bp. The chloramphenicol 
gene from pACYC184 was PCR amplified using the chloramphenicol insert primers 
containing the BamHI site to generate a 1000bp product. This PCR product was 
subcloned into the BamHI sites of pCMK1013 to make pCMK1018. Next, the 
tetracycline gene was PCR amplified from pBR322 using the tetracycline insert primers 
and the 1939bp insert was cloned into the EcoRI site of pCMK1018 to make pCMK1016. 
Finally, the ampicillin gene was PCR amplified from pBR322 using the ampicillin insert 
primers and the 1316bp product was cloned into the EcoRV site in pCMK1016 to make 
pCMK1017. The plasmids pCMK1013, pCMK1018, pCMK1017 contain different 
overlap sequences and were used in this paper. We also constructed identical versions of 
these plasmids that contain the same overlap sequences. Site directed mutagenesis using 
the attL primers was conducted on pCMK1013, pCMK1018, and pCMK1017 to change 
the overlap sequence of attL from GCGCAAT to GCTTAGT to match the sequence in 
attR of GCTTAGT. These plasmids, pCMK1006, pCMK1007, and pCMK1019 contain 
the same overlap sequences and are otherwise identical to pCMK1013, pCMK1018, and 
pCMK1017, respectively. Two plasmids pCMK1019 (same overlap sequences), and 
pCMK1017 (different overlap sequences), which contain 4.7kb of DNA between the attL 
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and attR sites, were relaxed using topoisomerase I.  Following incubation with 
topoisomerase I, relaxed DNA was purified by agarose gel electrophoresis.  
 
Intramolecular Excision Reaction 
The intramolecular excision reaction was adapted from the conditions used in the 
intermolecular reaction (25). The reaction mixture contained 100.0 fmol of plasmid 
substrate incubated in a buffer containing 20mM Tris-HCl pH 7.4, 5mM DTT, 
0.05mg/ml BSA, 1% glycerol, 50mg/ml polyvinylalcohol, and 50mM KCl. Excision was 
not detectable without polyvinylalcohol. Each plasmid was incubated with IntDOT, the 
host factor, Xis2c, Xis2d or the same mixture with the addition of Exc or F315Y Exc. All 
proteins were overexpressed in E. coli BL21(DE3) ihfA. Protein concentrations used were 
as follows; IntDOT 13.5 µM (approximately 80% pure, (8), Xis2d 200 µM 
(approximately 85% pure, this paper), the host factor 0.80 µM (approximately 85% pure, 
K. Ringwald and J. Gardner, in preparation), and Exc 0.20 µM (95% pure, (26). The 
concentration of Xis2c is unknown because it was in a crude extract. The concentrations 
of protein and DNA were optimized for optimal excision. All excision reactions were 
incubated overnight at 37 °C except for the time course experiments. Next, the DNA was 
purified from the proteins and reaction buffer using a QIAquick PCR Purification Kit. 
The DNA then was electroporated into DH5α::λpir+ cells which were then grown for 1 
hour and plated on MacConkey-Kan plates. Red colonies contain plasmids that did not 
undergo excision during the in vitro intramolecular excision reaction (Figure 2.2). White 
colonies resulted from an excision event during the reaction. The percent excision was 
calculated as the number of white colonies (excised plasmids) divided by the total 
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number of colonies on the plate (unexcised plus excised plasmids). White colonies were 
routinely analyzed by PCR to show that excision occurred after each reaction.  
 
RESULTS 
Characterization of an in vitro Intramolecular Excision Reaction 
Since, the excision reaction in vivo in Bacteroides utilizes direct repeat copies of 
the attR and attL sites that are located on the same chromosome; it was of interest to 
determine whether an in vitro intramolecular excision reaction is more efficient and 
whether Exc stimulates the reaction. Accordingly, we created an in vitro intramolecular 
excision reaction by constructing a series of plasmids with the lacZα gene between the 
attL and attR sites. If the excision reaction occurred, the attL and attR sites would 
undergo excision to form a plasmid containing attDOT and a closed circular product 
containing the attB site and the lacZα gene. After electroporation, the attB/lacZα circular 
fragment is lost because it lacks an origin of replication (Figure 2.2). Red colonies on 
MacConkey-lactose plates contain plasmids that did not undergo excision and still 
contain the attL and attR sites. White colonies contain plasmids that underwent excision 
and contain plasmids carrying the attDOT site.  
The efficiency of this in vitro intramolecular excision reaction ranged from less 
than 1% to virtual completion depending on the substrates and conditions tested (see 
below). IntDOT, the host factor, Xis2c, and Xis2d were able to catalyze the in vitro 
intramolecular excision reaction (Figure 2.2). We showed previously that E. coli 
Integration Host Factor (IHF) can substitute for the host factor when added at high 
concentrations in the in vitro integration reaction (12). Presumably, IHF binds the attDOT 
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site non-specifically and induces bends in the DNA necessary to form the intasome.  
However, IHF did not substitute in the intermolecular reaction and we found that IHF 
could not substitute for the host factor in the new in vitro intramolecular excision 
reaction, even at the high concentrations used in the integration reaction (25). The 
inability of IHF to substitute for the host factor may be because it does not induce 
appropriate bend angles in the attL and attR sites that allow formation of the intasomes 
necessary for the excision reaction.  
We routinely analyzed 20 plasmids from white colonies screened after 
electroporation and tested for the presence of either the attDOT site or the attL and attR 
sites. An example of this analysis is shown in Figure 2.3. In this experiment, plasmids 
were isolated from 4 independent white colonies. They all produced a PCR band 
containing attDOT, which is 1200 bp as predicted (Figure 2.3, Lanes 1- 4). A PCR 
product of pCMK937, the original attDOT plasmid used in creation of the excision 
plasmids, produced a band of 1200bp (Figure 2.3, Lane 5) The PCR product of 
pCMK1017, the plasmid substrate used in the excision reaction, is approximately 6000 
bp and contains the attL and attR sites (Figure 2.3, Lane 8).  
Following excision with the attL and attR sites with different overlap sequences, 
it should be possible to detect both overlap sequences in the excision products. The attL 
and attR sites of pCMK1017 contain overlap sequences of GCGCAAT and GCTTAGT, 
respectively. When excision occurs, the attDOT plasmid is predicted to contain a 5 bp 
mismatch that is resolved in the cell after electroporation. Therefore, both overlap 
sequences should be detectable in the attDOT site in the population of white colonies. Of 
the 15 white colonies analyzed, all contained the attDOT site. As predicted, both parental 
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overlap sequences are found in the attDOT products. Seven contained the GCGCAAT 
overlap sequence and 8 contained the GCTTAGT overlap sequence (data not shown). 
The attDOT plasmid containing the GCGCAAT overlap could only have formed from the 
excision reaction because none of our laboratory strains contain this overlap sequence in 
attDOT. This eliminates the possibility of contamination.  
 
Factors Affecting the Efficiency of Excision 
Following the initial development of the intramolecular excision reaction, we 
constructed several plasmids to test three variable factors for their effects on the excision 
efficiency. We varied the distance between the attL and attR sites on substrates with the 
same or different overlap sequences in the presence or absence of Exc. We found that the 
distance between the attL and attR sites affects the efficiencies of excision. The bar graph 
on the left in Figure 2.4 shows the results with four excision plasmids containing 0.43kb 
of DNA between the attL and attR sites. The efficiency of excision ranged from 1-35% 
depending on whether the overlap sequences are the same or different and whether Exc is 
present. An intermediate distance of 1.4 kb was tested which yielded similar results to 
0.43 kb of DNA (Data not shown). The least efficient recombination results from 
reactions containing substrates with different overlap sequences conducted without Exc 
while the most efficient reactions occurred when substrates contained the same overlap 
sequences and were incubated with Exc. When substrates containing 4.7kb of DNA 
between the attL and attR sites were examined the excision efficiencies ranged from 2-
100% (Figure 2.4, right side bar graph). Thus substrates with 4.7kb of DNA between the 
attL and attR sites were 3 to 6 fold more efficient than the substrates with 0.43kb of DNA 
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between the sites. It is possible that substrates with 0.43kb of DNA between the attL and 
attR sites are inefficient in forming the recombination complex because of the ability of 
the DNA to bend in the proper configuration when the attL and attR sites are in close 
proximity. When the distance is increased between the attL and attR sites, excision 
increases.  
The sequences of the overlap regions also affected the excision frequencies. 
IntDOT differs from the other tyrosine recombinases because it recombines att sites with 
different overlap sequences. Most tyrosine recombinases that have been characterized 
require that both att sites contain the same overlap sequences for recombination. In the 
IntDOT system, there is no difference in efficiency of in vitro integration between the 
attDOT and attB sites containing the same or different overlap sequences as long as 2bp 
of sequence identity is present at one end of the overlap region in each site (9, 12). 
However, in the intramolecular excision reaction this is not the case. Plasmids containing 
different or same overlap sequences were compared for excision frequencies (Figure 2.4). 
Excision increased 10-30 fold when the overlap sequences were the same as compared to 
reactions performed under the same conditions with substrates containing different 
overlap sequences.  
  We also found that Exc stimulates the in vitro intramolecular excision reaction. 
Previous work using a Southern blot reaction to monitor excision in vivo indicated that no 
excision was detected in the absence of Exc (6). However, Sutanto et al. found that Exc 
had no effect in the intermolecular reaction where the attL and attR sites were on 
different molecules (25). A comparison of excision in the absence and presence of Exc in 
the intramolecular excision reaction is shown in Figure 2.4. Excision was detectable 
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without Exc regardless of the overlap sequences or distances between the attL and attR 
sites. When the overlap sequences were different, excision without Exc was inefficient at 
1% with 0.43kb of DNA between the attL and attR sites and 2% when the sites were 
separated by 4.7kb of DNA. 
However, when Exc was added to the reaction, excision increased 3-5 fold when 
the attL and attR sites were separated by 0.43 kb of DNA or when the sites contain 
different overlap sequences are separated by 4.7kb of DNA. When the attL and attR sites 
are separated by 4.7kb of DNA and contain identical overlap sequences, the reaction is 
efficient in the absence of Exc. In addition, there was no difference in excision 
frequencies when the mutant Y315F Exc was substituted for Exc (Figure 2.4). As 
previously seen in vivo, the topoisomerase activity of Exc is not required because an Exc 
protein containing a substitution of the catalytic tyrosine to phenylalanine (Y315F Exc) 
functions as efficiently as wild type Exc (26).  
 We performed time course reactions using the substrates that contained 4.7kb of 
DNA between the attL and attR sites with either the same or different overlap sequences. 
Reactions were incubated in the absence or presence of Exc (Figure 2.5). There was a 
detectable difference in the rate of excision when Exc was added to the excision reactions 
with substrates containing different overlap sequences. The stimulatory effect of Exc 
could be detected after 2-4 hours. By 6 hours, the rate of excision increased when the 
reactions contained Exc in comparison to reactions incubated without Exc (Figure 2.5A). 
Even when the overlap sequences were the same, Exc slightly stimulated the reaction 
(Figure 2.5B).  
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In summary, the efficiency of excision ranged from 1% to completion depending 
on the substrates and conditions used. The most efficient excision occurred when the 
plasmid contained 4.7kb of DNA between the attL and attR sites with the same overlap 
sequences in the presence of Exc. The least efficient excision substrates occurred when 
the plasmid contained 0.47kb between the attL and attR sites with different overlap 
sequences in the absence of Exc. 
 
The Excision Proteins Inhibit in vitro Integration 
Some RDFs inhibit the integration reaction of their system (14). For example, 
Lambda Xis inhibits integration below detectable levels when added to the in vitro 
integration reaction (1). Since CTnDOT contains two RDF proteins, Xis2c and Xis2d, 
one or both may also inhibit integration. We performed in vitro integration reactions in 
the presence of the excision proteins to determine whether any of them inhibit integration 
(Figure 2.6). The concentrations of the excision proteins added to the reactions were the 
same as used in the intramolecular excision reaction. The addition of either Xis2c or 
Xis2d abolished detectable integration while addition of Exc lowered integration by 20%. 
Y315F Exc also inhibits the reaction by 20% (Figure 2.6).  
 
Relaxed DNA 
Some tyrosine recombinases, such as Lambda Int, can use either supercoiled or 
relaxed DNA as substrates in excision (20). Sutanto et al. compared the efficiencies of in 
vitro intermolecular reactions using relaxed DNA substrates with both substrates 
supercoiled or with one substrate relaxed and the other supercoiled. They found no 
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difference in the recombination frequencies. However, if both plasmids were relaxed, the 
excision frequency decreased 40 fold (25). Plasmids of pCMK1019 (same overlap 
sequences) and pCMK1017 (different overlap sequences), which contain 4.7kb of DNA 
between the attL and attR sites, were relaxed with Topoisomerase I. The relaxed plasmids 
were used as substrates in the reaction in the presence and absence of Exc (Figure 2.7). 
There was no difference in excision frequency between relaxed and supercoiled DNA.  
 
DISCUSSION 
In order to perform biochemical analyses of the CTnDOT excision system, it was 
important to develop an in vitro system. We previously developed an in vitro 
intermolecular reaction in which the attL and attR sites were on different plasmids (25). 
In this system, the proteins required for excision were IntDOT, Xis2c, Xis2d, and a host 
factor. However, Exc, which had been shown to stimulate excision in vivo, did not 
stimulate excision in this version of the intermolecular reaction (25). Since CTnDOT 
excision in vivo from the chromosome of Bacteroides is an intramolecular reaction, we 
developed a reaction using an excision substrate containing direct repeat copies of the 
attL and attR sites on the same plasmid. IntDOT, Xis2c, Xis2d, and the host factor are 
required for excision while the addition of Exc to the reaction increases the excision 
efficiency. Thus we have successfully developed an in vitro excision reaction that is 
stimulated by Exc.  
Like most tyrosine recombinases, Lambda Integrase and the Flp recombinase 
must have the same overlap sequences in both attachment sites for efficient 
recombination (2, 27). A strand swapping mechanism that accounted for the requirement 
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for complementary sequences was proposed for integration and excision of Lambda and a 
similar mechanism was proposed for Flp (13). During the first pair of strand exchanges in 
the recombination complex, the enzyme cleaves the top strand of each site to form a 3′ 
phosphotyrosine bond with the enzyme and a free 5′OH group. The homology sensitive 
step occurs when three bp adjacent to the sites of cleavage within the overlap sequences 
are paired with complementary three bp of the partner site. If the bases are 
complementary, the ligation reactions form a HJ intermediate (18, 21). Substrates 
containing different overlap sequences cannot perform this homology dependent step so 
that the mismatches inhibit the integration and excision reactions. The second strand 
exchanges between the bottom strands also require complementary sequences at the sites 
of ligation.  
The ability of CTnDOT to perform recombination with substrates containing 
different overlap sequences during the second strand exchange in the integration reaction 
separated it from other tyrosine recombinases systems (9, 12). Laprise et al., found that 
the first strand exchange in the IntDOT integration reaction requires 2bp of DNA 
homology adjacent to the sites of cleavage to form the HJ intermediate (12). In contrast to 
other tyrosine recombinases, the second strand exchange does not require homology 
within the other 5 bp (12). There is no effect on the integration frequency if the overlap 
sequences are the same (12). Similarly, in the intermolecular reaction, plasmids 
containing the same overlap sequences in the attL and attR sites also recombined at the 
same frequency as substrates containing different overlap sequences (9). Since the 
overlap sequences can be different, IntDOT does not use a classic mechanism of strand 
swapping in the integration and the intermolecular reactions. 
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Surprisingly, we found that the overlap sequences in the attL and attR sites 
affected the efficiency of the in vitro intramolecular excision reactions.  In the absence of 
Exc the substrates with the same overlap sequences had 10 to 30 fold more recombination 
than substrates containing different overlap sequences (Figure 2.5). This finding suggests 
that there are differences between integration and the intermolecular reactions and the 
intramolecular excision reaction in the abilities of the recombination complexes to 
resolve HJs with mismatches in the overlap sequences to products. A model for the 
excision mechanism that takes our findings into account is that the first step of the 
intramolecular excision reaction proceeds in a manner similar to the integration reaction 
but there are differences in subsequent steps.  After the attL and attR intasomes are 
formed, a synaptic complex forms and a pair of IntDOT monomers bound to each site 
initiate the first set of strand exchanges.  The first strand exchanges require 2 bp of 
homology in the partner site to proceed.  Following cleavage the strands undergo 
homology dependent exchanges where they pair with the partner site and are ligated to 
form a HJ.  If the excision substrates contain the same overlap sequences, the HJ 
intermediate is resolved efficiently to products. However, if the overlap sequences are 
different resolution of the HJ is less efficient. Thus, DNA homology in the overlap 
sequences stimulates the excision reaction (Figure 2.8). In contrast, heterology in the 
overlap region in the integration reaction does not affect the recombination efficiency as 
long as both sites contain 2bp of homology adjacent to the cleavage site.  
We showed previously in vitro that there is a bias in the direction of resolution of 
CTnDOT HJs containing the same or different overlap sequences (10). Synthetic HJs 
were made that contained only the core sequences and lacked the arm-type sites. When 
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incubated with IntDOT, HJs containing different overlap sequences were only resolved in 
one direction where complementary bp were exchanged to form substrates. The 
mismatches in the overlap sequences inhibited the strand exchanges that would result in 
the formation of products. However, HJs containing the same overlap sequence were 
resolved in both directions (10). These results indicate that IntDOT needs to interact with 
the arm-type sites or the accessory proteins to resolve HJs with mismatched overlap 
sequences to products.  The differences in the roles of the arm-type sites and accessory 
proteins between the integration and intermolecular reaction and intramolecular excision 
may reflect differences in the architecture of the recombination complexes that affect 
their ability to process HJs to products.   
We found previously that Exc did not stimulate the intermolecular reaction (25). 
We originally hypothesized that Exc was not required for the intermolecular reaction 
because it either plays a regulatory or a structural role in vivo by interacting with the attL 
or attR intasome. In this study we found that Exc increases the excision frequency by 5 
fold in substrates that contained different overlap sequences with 4.7 kb of DNA between 
the attL and attR sites. Our results indicate that Exc can play a structural role in the in 
vitro intramolecular excision reaction. We suggest two simple possibilities for the role of 
Exc. It could bind DNA directly on the attL or attR sites or participate in protein-protein 
interactions. 
Although we cannot rule out the binding of Exc to specific sites in the DNA, we 
consider this unlikely. Exc is a topoisomerase with the ability to bind and relax DNA in 
vitro and requires a short ssDNA template to bind DNA (3, 11, 26). However, its role in 
excision is independent of its topoisomerase activity because reactions containing wild 
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type Exc and the Y315F Exc yielded the same excision frequencies. Also, Exc, by itself, 
does not gel shift the attL or attR sites (J. DiChiara and J. Gardner, unpublished data). 
Thus we propose that the direct binding of Exc to that attL or attR DNA is an unlikely 
mechanism.  
Exc could participate in protein–protein interactions. In the first case, Exc could 
promote the formation of or stabilize either the attL or attR intasome. An example of this 
type of mechanism is the Xis and Fis proteins in the Lambda excision reaction. Xis and 
Fis bind the attR site during excision as a nucleoprotein filament and promote the binding 
of Int that aids in forming the attR intasome. These proteins directly interact during this 
process (31,32). Exc could interact with the host factor or any of the other excision 
proteins in a similar manner. Alternatively, Exc might stabilize or interact with the 
recombination complex and function during the first or second strand exchange of HJ 
resolution. This might explain why it has a greater effect on substrates with different 
overlap sequences.  Recombination complexes formed without Exc may be less stable but 
still promote excision at reduced efficiency. We are currently in the process of 
developing a gel based assay which could detect the HJ intermediates to determine if Exc 
might function during this step.   
Xis2c and Xis2d also inhibit the integration reaction. This could have a biological 
implication in vivo because Xis proteins of other systems such as those of phages Lambda 
and L5 also inhibit integration (1, 15). In Bacteroides, IntDOT is constitutively expressed 
when CTnDOT is integrated into the chromosome (5). Excision is triggered by the 
presence of tetracycline (5, 6, 24). After tetracycline enters the cell, it induces a 
regulatory cascade that stimulates the expression of the excision operon which contains 
49 
 
   
 
the xis2c, xis2d, and exc genes (17, 19). CTnDOT excises and a single strand is 
transferred to the recipient by conjugation. Once the DNA enters the recipient cell, it 
circularizes and is replicated from ssDNA to dsDNA. In the presence of tetracycline, 
copies of CTnDOT in the donor and recipient may remain as extrachromosomal elements 
because the excision proteins inhibit the integration reaction. However, when the 
induction signal is removed, the excision proteins would ultimately be degraded and 
IntDOT could promote integration of CTnDOT into attB sites in the donor and recipient.  
In conclusion, we describe here a new in vitro intramolecular excision reaction 
that is more efficient than the previously available excision reaction. The proteins 
required for intramolecular excision are IntDOT, the host factor, Xis2c, and Xis2d. We 
also found that, unlike the integration reaction, homology in the overlap sequences 
dramatically increases the efficiency of the intramolecular excision reaction. Exc is not 
required but stimulates the reaction especially when the overlap sequences are different 
suggesting Exc acts after the formation of the HJ intermediate. This is the first 
demonstration of a role for Exc in vitro.  
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Plasmids Antibiotic 
Resistance* 
Description 
pACYC184 Cam, Tet ATCC, Inc. 
pBR322 Amp, Tet New England Biolabs 
pGEMT-
attDOT 
Amp Contains attDOT  
pRA102 Kan A pir+ dependent plasmid containing the Lambda attP 
site.  (Cho et al. 1999) 
pCMK937 Kan attDOT cloned into the AvaII site of pRA102.  The 
overlap sequence is GCTTAGT. 
pCMK938 Kan attDOT cloned into the AvaII site of pRA102.  The 
overlap sequence is GCGCAAT.  This plasmid was 
isolated after an excision reaction. 
pCMK1013 Kan pCMK937 was recombined with lacZα PCR fragment 
to form pCMK1013.  This contains lacZα between attL 
and attR.   attL and attR separated by 426bp. Overlap 
sequences are different (D). 1 
pCMK1018 Kan, Cam attL and attR separated by 1444bp. Overlap sequences 
are different (D). 1 
pCMK1016 Tet, Kan attL and attR separated by 3383bp. Overlap sequences 
are different (D). 1 
pCMK1017 
Kan, Amp attL and attR separated by 4699bp. Overlap sequences 
are different (D). 1 
pCMK1006 Kan Site directed mutagenesis of pCMK1013 to change the 
overlap sequences to the same (S).  2 
pCMK1007 Kan, Cam Site directed mutagenesis of pCMK1018to change the 
overlap sequences to the same (S). 2  
pCMK1008 Tet, Kan Site directed mutagenesis of pCMK1016 to change the 
overlap sequences to the same (S). 2  
pCMK1019 
Kan, Amp Site directed mutagenesis of pCMK1017to change the 
overlap sequences to the same (S). 2  
pCMK1042 Kan xis2d cloned into the NdeI and XhoI sites of pET-27b 
pCMK936 Kan xis2c cloned into the HindIII/NdeI site of pET-30a 
 
Table 2.2. Plasmids used in this chapter. 1 The overlap sequence of attL is GCGCAAT 
and attR is GCTTAGT. 2 The overlap sequence of attL is GCTTAGT and attR is 
GCTTAGT. *Cam is chloramphenicol, tet is tetracycline, amp is ampicillin, and kan is 
kanamycin. 
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CHAPTER THREE 
THE EXCISION PROTEINS OF CTNDOT POSITIVELY REGULATE 
 THE TRANSFER OPERON 
 
INTRODUCTION 
 
Bacteroides species compose approximately 40% of the normal microbiota of the 
human colon, but are capable of causing life threatening infections if they escape outside 
of the colon (7, 21). Bacteroides spp. harbor many conjugative transposons (CTns), also 
called ICEs (integrative conjugative elements), which encode antibiotic resistance genes 
which are spread through horizontal gene transfer. One well-studied example of an ICE is 
CTnDOT, a 65-kb element containing a tetracycline resistance gene, tetQ, and an 
erythromycin resistance gene, ermF.  
  CTnDOT is stably maintained in the chromosome until the cells are exposed to 
tetracycline, which induces the production of proteins that promote excision and transfer. 
Upon exposure to tetracycline, translational attenuation increases production of proteins 
encoded by the three gene tetQ operon, tetQ, rteA and rteB (28, 29). RteA and RteB 
proteins compose a two component regulatory system (5, 6, 25). The RteA protein is the 
sensor component and the RteB protein is the transcriptional regulator (20). The RteB 
protein activates expression of another regulatory gene rteC and RteC induces expression 
of the excision operon containing the xis2c, xis2c, orf3, and exc genes (20, 22). Previous 
work has shown that the orf3 gene is not needed for excision (6). Xis2c and Xis2d are 
small basic proteins similar to Lambda Xis and other recombination directionality factors 
(RDFs)  (16). Exc is a DNA topoisomerase III enzyme capable of relaxing DNA in vitro 
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(26). These proteins, along with the host factor, promote excision by binding to the attL 
and attR sites of CTnDOT to form excisive intasomes with the tyrosine recombinase 
IntDOT. After the intasome forms a synaptic complex, IntDOT catalyzes two rounds of 
strand exchanges to form the attDOT and attB sites. In an in vitro intramolecular excision 
reaction, Exc is not required for excision but enhances excision 3-5 fold (15). The Exc 
protein is required in vivo for excision (6).  
  Following excision of CTnDOT from the chromosome, a closed circular 
intermediate is formed. The transfer of this circular intermediate requires multiple 
transfer and mobilization proteins. The transfer genes are located in the tra operon which 
encodes a series of proteins TraA – TraQ. Previous work has shown that tetracycline 
dependent activation of this operon requires the excision operon (14, 30). When a large 
portion of CTnDOT containing the mobilization region and the tra operon was cloned 
into the vector pLYL72, it was self-transmissible at a frequency of 10−5 to 10−6 
transconjugants per recipient regardless of whether tetracycline was present (17). 
However, transfer of pLYL72 was regulated by tetracycline if it was a co-resident with 
an intact CTn (17). The genes required for this regulation were later shown to be 
contained within the excision operon (30). However, it was unclear which of the excision 
proteins Xis2c, Xis2d, Orf3, or Exc was responsible for activation of the tra operon. In 
other excision systems, there is usually only one RDF. However, CTnDOT encodes two 
RDFs, Xis2c and Xis2d which are both required for excision. 
We report here that the deletion analysis of the excision operon shows that the 
deletion of either the orf3 or exc genes did not reduce activation of the Ptra promoter. 
Deletion of either the xis2c or xis2d genes decreased activation of the Ptra promoter by 
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over 100 fold. Using EMSA analysis we show that the RDFs of CTnDOT, Xis2c and 
Xis2d bind the Ptra promoter and activate the expression of the tra operon using EMSA 
analysis. When the Xis2c and Xis2d proteins bind the Ptra promoter together, the resultant 
complex that forms of the Ptra promoter does not migrate into the gel.   
 
MATERIALS AND METHODS 
 
Plasmids, Bacterial Strains, and Growth Conditions 
Plasmids and the Bacteroides strains used in this study are listed in Table 1 or are 
described in the text. All the Escherichia coli strains were grown in Luria Broth (LB) or 
on LB agar at 37°C and the Bacteroides strains were grown in either Trypticase Yeast 
Extract Glucose (TYG) medium or Supplemented Brain Heart Infusion (BHIS) medium 
at 37°C under anaerobic condition (12). Antibiotics were supplied by Sigma and used at 
the following concentrations: ampicillin (amp) 100µg/ml; chloramphenicol (cam) 
15µg/ml; erythromycin (erm) 10µg/ml; gentamicin (gen) 200µg/ml; rifampicin (rif) 
10µg/ml; tetracycline (tet) 1µg/ml.  
 
Protein Purification and Reagents 
The purification of the Xis2d proteins was described elsewhere (15). Briefly, the 
Xis2d protein was overexpressed in E. coli BL21 (DE3) ihfA and purified by a Heparin-
Agarose Column.  The Xis2d protein is approximately 80% pure. The Exc protein was 
prepared as previously described and is >95% pure (26). The Xis2c protein was 
overexpressed in E. coli Rosetta (DE3) pLysS ihfA. Cells were grown to an optical 
density of 0.6 at A600 nm at 30°C and induced with 1mM IPTG. After induction, cells 
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were grown at 25°C for 20 minutes.  Then, rifampicin was added to a concentration of 
200 ug/ml and the cells were shaken for 2 hours and pelleted by centrifugation. An 500ml 
cell pellet was resuspended in 5 ml of low salt sodium phosphate buffer (50 mM sodium 
phosphate, pH 7.0, 600 mM NaCl, 1 mM EDTA pH 7.0, 5% glycerol, 1 mM 
dithiothreitol (DTT), a Roche Complete EDTA-free protease inhibitor tablet, and 
lysozyme at 1mg/ml. Cells were sonicated and centrifuged at 10000 rpm for 30 minutes. 
The supernatant was loaded onto a HiTrap SP HP column (GE Life Sciences) and washed 
with 5 column volumes of low salt sodium phosphate buffer. A salt linear gradient 
ranging from 600mM to 2M NaCl was used for elution and Xis2d eluted from the column 
at approximately 1.3M NaCl. Active fractions were immediately dialyzed in Xis2c 
storage buffer (50 mM sodium phosphate, pH 7.0, 0.25M NaCl, 1 mM EDTA pH 7.0, 
40% glycerol, 1 mM DTT) 2 times for 2 hours and overnight. Activity was verified by 
EMSA analysis. The supernatant was aliquoted, frozen in a dry ice in ethanol bath, and 
stored at -80°C. The identity of Xis2c was confirmed by mass spectrometry performed at 
the University of Illinois Mass Spectrometry lab. The protein is approximately 90% pure. 
An Agilent Technologies’ QuikChange XL site-directed mutagenesis kit was used for 
site-directed mutagenesis. PCR reactions were performed with KOD Hot Start DNA 
Polymerase from Novagen. The 100 bp Tri-Dye ladder is from NEB. Sequencing of the 
plasmids was done by either the UIUC Core Sequencing Facility or ACGT, Inc. 
Oligonucleotides were synthesized by Integrated DNA Technologies, Inc.  
 
 
 
67 
 
   
 
Construction of Deletions of the Excision Operon 
The plasmid pHopp1 was constructed from the plasmid pAFD1 and encodes the 
entire excision operon PE-xis2c-xis2d-orf3-exc (24). A series of plasmids was created 
containing different deletions in the excision operon to test the effect on the activation of 
the Ptra::uidA fusion vector, pGW40.5, which is a translational fusion of the traA gene 
and the E. coli -glucuronidase (Gus) reporter gene. The Ptra promoter was cloned 
upstream of the ATG start codon of the uidA gene (11, 14, 27). The plasmid pGRW53 
encodes the entire excision operon PE-xis2c-xis2d-exc but contains a deletion of the orf3 
gene. The plasmid pGRW53Δ2c contains an in-frame deletion of amino acids 4-91 of the 
xis2c gene. To make an in-frame deletion of the xis2d gene, a construct was made which 
deleted the xis2d gene from amino acid 3 to the end of the orf3 gene to generate 
pGRW53Δ2d. An in-frame deletion of the exc gene was created leaving only 78 bp of the 
C-terminal amino acids to form pGRW53Δexc.  
 
Construction of Site-Directed Mutants in the Ptra Promoter 
  The Ptra promoter region is 490 bp containing 164 bp upstream of the 
transcription start site (14). To test the effects of various mutations in the region upstream 
of the -33 region of the Ptra promoter, a series of 5-7 bp site-directed substitutions were 
constructed in the Ptra promoter from -82 to -35 of the E. coli- Bacteroides shuttle vector, 
pMJF2, to create an in-frame Ptra::uidA translational fusion.  
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Transfer of Shuttle Vectors 
  Vectors were transferred from E. coli DH5αMCR to Bacteroides recipients by 
HB101 RP4 donors during a triparental matings using nitrocellulose filters on BHIS agar 
plates incubated aerobically as previously described (29). Depending on the experiment 
being performed, the Bacteroides thetaiotaomicron recipients contained either CTnERL 
 which is very closely related to CTnDOT or BT4001ΩQABC, which contains the tetQ-
rteA-rteB- rteC genes integrated in the chromosome with the plasmid pGW40.5 (14). 
 
Gus Assays 
  The Gus assays were performed in one of two ways. For testing the effects of the 
plasmids containing deletions of the excision operon, Gus assays was performed as 
described in Feldhaus et al (10). One unit (U) was defined as 0.01A415 (absorbance at 
415nm) per minute at 37°C and is expressed as U/mg protein. Protein concentrations 
were determined by the method of Lowry et al (18). When we tested the effects of the site 
directed mutants of the Ptra::uidA mutations in the pMJF2 vectors, Gus assays were 
performed on chloroform permeabilized cells adapted from Jefferson et al, 1986 (13). 
Bacteroides cultures were grown to an O.D. of 0.6 at A650 and 1ml of culture was 
resuspended in 1ml Gus buffer (50mM phosphate buffer pH 7.0 with 14 mM β-
mercaptoethanol) pre-warmed to 37°C. The cells were permeabilized by adding 20ul of 
0.1% SDS and 40ul of chloroform and vortexed for 10 seconds. All samples were 
incubated for 5 minutes at 37°C followed by adding para-4-nitrophenylβ –D-glucuronide 
to a final concentration of 1mM and vortexed for 5 seconds. After the reaction turned 
yellow, it was stopped with 2.5M 2-amino-2methyl-1,3-propanediol solution and the time  
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(T) was recorded. Samples were centrifuged for 5 minutes and the OD at A415was 
determined. Gus activity was calculated as 1000x A415/Time stopped x A650. 
 
Electrophoretic Mobility Shift Assays (EMSAS) 
 
  Electrophoretic mobility shift assays (EMSAs) were performed using a 182 bp 
fragment of the Ptra promoter containing the sequence from -118 to +65 using the primers 
GCCCTTAAAGCGGTATCGGG and GCCCGGATTGCTGTCCGAACATCC. EMSAs 
were performed in buffer consisting of 50 mM Tris-HCl (pH 8), 1 mM EDTA, 50 mM 
NaCl, 10% glycerol, and 0.18 mg/ml of heparin. Substrates were incubated with various 
concentrations of protein for 20 minutes and then loaded onto a prerun 6% DNA 
retardation gel from Invitrogen. Gels were stained with Sybergreen for 40 minutes and 
the DNA fragments were visualized using a BioRad transilluminator.  
 
RESULTS 
  The tetracycline regulated excision and transfer of CTnDOT has been shown 
previously to require genes encoded within the excision operon. There are 4 proteins 
encoded on the operon, Xis2c, Xis2d, Orf3, and Exc (14, 17, 30). It was unclear which 
one or a combination of these 4 proteins was responsible for activation. A series of 
plasmids was constructed containing in-frame deletions of the xis2c, xis2d, orf3, and exc 
genes and tested for the ability to activate expression of the tra operon (Figure 1). These 
plasmids were mated into BT4001ΩQABC, which contains the tetQ-rteA-rteB-rteC 
regulatory genes of CTnDOT site specifically integrated into the chromosome (30). This 
strain also contains the plasmid pGW40.5 which contains the 490 bp promoter region Ptra 
promoter fused to the uidA gene, which is a translational fusion of the traA gene and the 
70 
 
   
 
E. coli -glucuronidase (Gus) reporter gene. Cells were grown with tetracycline to induce 
expression of the excision genes. The plasmid pHopp1 contains the entire excision 
operon and Gus assays produced wild type levels of activation. The first construct, 
pGRW53, which contains an in frame deletion of the orf3 gene, yielded the same level of 
Gus activity as the pHopp1.  When plasmids containing deletions of the xis2c or xis2d 
genes were included with tetracycline, there was a 100 fold decrease in activation of the 
Ptra operon returning levels to background (Figure 1). However, plasmids containing 
deletions of the exc gene activated expression of the promoter at the same level as the 
plasmid pHopp1. This was surprising because it was previously shown that the exc gene 
is required for the entire process of transfer and mobilization (30). However, this may 
suggest that the function of the Exc protein occurs at a different point during transfer and 
mobilization and not during activation of the promoter.  
  There are many mechanisms by which promoter activation may occur (2, 3). Of 
the many examples, there are at first two distinct overall patterns, activators that directly 
bind the promoter and those that can activate without binding DNA. To determine if the 
Xis2c and Xis2d proteins could bind the upstream promoter sequence, we performed 
EMSAs. The Xis2d protein was partially purified and was tested for the ability to shift 
the entire Ptra promoter region of 490bp.  The Xis2d protein bound and shifted this 
fragment of DNA (data not shown). Binding was further narrowed down to a 182 bp 
fragment containing DNA from positions -118 to +65 of the tra promoter (Figure 2). At 
low concentrations of Xis2d protein a single shift is observed. At higher concentrations of 
protein, multiple bands appear that may represent two or more binding sites. In other 
systems, such as phage Lambda, the Xis protein binds 2 adjacent direct repeats to form a 
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filament with a 3rd non-specific Xis protein binding between the two sites. A similar 
binding pattern seen with the Xis2d protein on the Ptra promoter could explain the 
multiple bands made with the 182 bp fragment of the Ptra promoter region (1).   
EMSAs using the partially purified Xis2c protein are shown in Figure 3. The shift 
results in a two bands at higher concentrations which resolve to a single shift when the 
concentration of the Xis2c protein is decreased (Figure 3). An EMSA analysis using non-
specific DNA from P22 did not produce the same banding pattern at higher 
concentrations suggesting that the shifts are specific (data not shown).  When the Xis2c 
and Xis2d proteins were incubated together on the Ptra promoter, a complex formed that 
prevented migration into the gel.  
Since both Xis2c and Xis2d bind the Ptra promoter, it is possible that they may 
bind upstream of the Ptra promoter. The Ptra promoter is a 490 bp region containing 137 
bp upstream of the transcription start site followed by 353 bp of DNA upstream of the 
traA gene (14). To test the effects of various mutations in the region upstream of the -33 
region of the Ptra promoter, a series of 5-7 bp site-directed substitutions were constructed 
in the Ptra promoter from basepairs -82 to -35 on the plasmid pJPARK100 (Figure 4). The 
plasmid, pJPARK100, contains the same translational fusion of the traA gene and the 
Gus reporter gene as in pGW40.5 but is in a different plasmid (11, 14, 27). Plasmids were 
mated into BT4004, which contains a single integrated copy of CTnERL, a closely 
related transposon to CTnDOT which lacks the ermF gene. Tetracycline induces the 
regulatory cascade which activates expression of the CTnERL regulatory cascade which 
produces the excision genes.  Activation of this promoter produces the wild-type Gus 
protein. A series of 5-7 bp substitutions from position -82 to -35 were changed by to their 
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complement and tested for Gus activity (Figure 4). Mutations in the Ptra promoter in two 
plasmids from -72 to -58 resulted in loss of activation of the uidA gene when cells were 
induced with tetracycline. This region from -72 to -58 may include a possible binding site 
for one or both of the Xis2c and Xis2d proteins.  
 
DISCUSSION 
  The Ptra promoter of CTnDOT is activated by the Xis2c and Xis2d proteins. 
These proteins have a dual role in excision and transfer.  Presumably, following the 
addition of tetracycline to the cells, the excision operon is induced and the Xis2c and 
Xis2d proteins are produced.  These proteins are required for excision of CTnDOT from 
the chromosome by binding the attL and attR sites and promoting formation of the 
excisive intasome (15).  As demonstrated in this work, the Xis2c and Xis2d proteins also 
bind the Ptra promoter to induce expression of the tra genes which enable transfer of 
CTnDOT to the recipient. Surprisingly, the Exc protein is not involved in the activation 
step of the promoter of the tra operon. It was previously shown that the plasmid pLYL72 
required the Exc protein for the entire process of transfer and mobilization (30).  
However, the Exc function appears to be downstream of the activation of the Ptra 
promoter.  
  The mechanism of activation of the Ptra promoter is unknown. The Xis2c and 
Xis2d proteins have been shown to bind the upstream region from -118 to +65 by EMSA 
analysis.  Each protein can bind independently to the DNA fragment and produce a shift 
containing multiple bands.  This suggests either multiple binding sites or the ability to 
form a filament on the DNA similar to Lambda Xis (1). The multiple shifts are specific 
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for the DNA as non-specific DNA fragments do not produce the same shifting pattern. 
When Xis2c and Xis2d are added together, the resultant shift does not migrate into the 
gel preventing analysis of this complex.  
  To further narrow the location of the binding sites, multiple basepair substitutions 
were generated in the region from -72 to – 58 of Ptra promoter region. Basepair 
substitutions from the -72 to -58 resulted in the loss of activity of the Ptra promoter 
suggesting this is a possible binding site of one of the proteins. The most straightforward 
way activation may occur is by either Class I or Class II activation mechanisms. In Class 
1 systems, the activator binds upstream of the promoter and makes a direct interaction 
with the RNAP α subunit which enables RNA polymerase to begin transcription (4). In 
Class II systems, the activator binds the promoter and interacts with domain 4 of the 
RNAP σ subunit to initiate transcription (8). In both cases, the proteins directly bind the 
DNA to interact with the promoter. An example of this is the E. coli proP P2 promoter 
which is activated by Fis and CRP. CRP acts as a Class I activator while Fis acts as a 
Class II activator (19). 
An example of an RDF acting as a transcriptional activator is found in the phage 
P2 system. The Cox protein of the phage P2 is also a RDF that activates a promoter and 
is involved in excision. The Cox protein activates the PLL promoter on the P4 phage by 
binding upstream but the mechanism of activation is unknown (9). It has two required 
binding regions; one with a higher affinity for the protein and a lower affinity site located 
upstream of the -35 region indicating a possible Class I mechanism of activation (23).  
Another example of a system where two transcriptional activators are involved in 
excision is in the ColEI plasmid system. In the case of the ColE1 plasmid, two 
74 
 
   
 
transcriptional factors ArgR and PepA bind to the 180bp adjacent to the cer site where 
XerC and XerD catalyze recombination (Alen et al., 1997; Colloms et al., 1996). These 
proteins also function as transcriptional activators.  
The primary amino acid sequence and the predicted secondary structure of Xis2c 
and Xis2d are similar to each other but share no homology with any other RDFs 
including the Cox protein. Since the amino acids in the Cox protein involved in activation 
or interaction with RNA polymerase are unknown, we cannot predict if Xis2c or Xis2d 
share similar residues although the proteins share similar functions.  
Another possible model is that these proteins bind the DNA and promote the 
binding of another protein, such as a transcription factor, to the promoter enabling 
activation. Further mutational analysis of the Ptra promoter may identify binding sites that 
are not utilized by Xis2c and Xis2d which would show that other proteins may be 
involved in this activation process. The next step will be to determine the exact binding 
site of each protein and the mechanism by which the promoter is activated. 
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TABLE 
Strain or plasmid aPhenotype Description 
B. thetaiotaomicron 5482 strains 
BT4001 (Rif) Spontaneous rifampicin resistant strain of B. thetaiotaomicron 
5482 
BT4001ΩQABC (Rif Tc) tetQrteArteBrteC regulatory genes of CTnDOT site specifically 
integrated into the BT4001 chromosome via NBU1 integrase (28).  
BT4004 (Rif Tc) BT4001 containing a single integrated copy of CTnERL which 
provides the regulatory genes and the excision operon. 
Plasmids and vectors 
pC-COW ApCmTc 
(Cm) 
A pVAL1 (25) derivative which contains a chloramphenicol resistance 
marker and pB8-51 which makes this vector compatible in Bacteroides 
hosts with pBI143 based vectors such as pAFD1 (11).   
pGW40.5 ApCm(Cm) pC-COW  with the Ptra::uidA fusion cloned into the NruI site (14).  
Clones of excision operon: 
pAFD1 Ap (Em) The pBI143 based shuttle vector pFD160 (22) containing ermF cloned 
into the AatII site. Compatible in Bacteroides hosts with pB8-51 based 
vectors such as pGW40.5. 
pHopp1 Ap (Em) Contains entire excision operon: xis2c, xis2d, orf3 and exc cloned on 
pAFD1. 
pGRW53 Ap (Em) 3.7kb PstI-SstI from pGW46 (28) which contains an in-frame deletion of 
orf3 cloned into pAFD1.  
pGRW53∆2c Ap (Em) pGRW53 with an in-frame deletion of the 118aa xis2c (aa4-aa91). 
pGRW53∆2d Ap (Em) Deletion of xis2d from aa3 to end of deletion in orf3 on pGRW53. 
pGRW53∆C’exc Ap (Em) Deletion of aa406-aa666 leaving 405 N-terminal aa’ and, 30 C-terminal 
aa’s of exc and all of rteR. 
pGRW53∆exc Ap (Em) Deletion of 2010 nucleotides of the 5’ end of exc leaving 78 nucleotides at 
the 3’ prime. 
Ptra mutations clones on the pMJF2 GUS fusion vector. 
pJPARK100  
 
Ap (Em) 0.5kb region upstream of traA, -bp138 to +bp352, relative to the 
transcriptional start site of tra operon, cloned in-frame to uidA gene on 
pMJF2 (10). Wild type region for GUS activity and gel shift assays. (this 
study) 
pJPARK104 Ap (Em) pJPARK100 with mutations of -bp82 to -bp78 sequence upstream of Ptra 
start site. (this study). 
pJPARK108 Ap (Em) pJPARK100 with mutations of –bp64 to –bp58 sequence upstream of Ptra 
start site. (this study). 
pJPARK122 Ap (Em) pJPARK100 with mutations of –bp72 to –bp66 sequence upstream of Ptra 
start site. (this study). 
pJPARK123 Ap (Em) pJPARK100 with mutations of –bp49 to –bp45 sequence upstream of Ptra 
start site. (this study). 
pJPARK121 Ap (Em) pJPARK100 with mutations of –bp40 to –bp35 sequence upstream of Ptra 
start site. (this study). 
Table 3.1. Strains and vectors used in this study. Antibiotic resistance abbreviations: Ap, 
ampicillin; Cm, chloramphenicol; Em, erythromycin; Tc, tetracycline; Rif, rifampicin. 
The resistances within the parenthesis are expressed in Bacteroides strains and those 
outside the parenthesis are expressed in E. coli strains. 
 
79 
 
   
 
FIGURES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fi
gu
re
 3
.1
. I
n-
fr
am
e 
de
le
tio
ns
 w
er
e 
m
ad
e 
in
 th
e 
Ex
c 
op
er
on
 c
on
ta
in
ed
 o
n 
pG
RW
53
 a
nd
 th
e 
re
su
lta
nt
 
co
ns
tru
ct
s w
er
e 
te
st
ed
 fo
r t
he
ir 
ab
ili
tie
s t
o 
in
du
ce
 a
ct
iv
ity
 o
f t
he
 P
tr
a :
:u
id
A 
fu
si
on
 p
G
W
40
.5
 in
 th
e 
Ba
ct
er
oi
de
s h
os
t, 
B
T4
00
1Ω
Q
A
B
C
. T
he
 G
U
S 
ac
tiv
ity
 w
as
 m
ea
su
re
d 
w
he
n 
th
e 
st
ra
in
s w
er
e 
gr
ow
n 
w
ith
 a
nd
 
w
ith
ou
t t
et
ra
cy
cl
in
e.
 T
he
 ra
ng
e 
of
 th
e 
te
tra
cy
cl
in
e 
in
du
ce
d 
G
U
S 
ac
tiv
iti
es
 fo
r e
ac
h 
is
ol
at
e 
re
la
tiv
e 
to
 th
e 
pH
op
p1
 is
 se
en
 o
n 
th
e 
rig
ht
 o
f t
he
 sc
he
m
at
ic
 fo
r e
ac
h 
co
ns
tru
ct
 te
st
ed
. T
he
 sc
he
m
at
ic
s d
ep
ic
t t
he
 g
en
es
 o
n 
pG
RW
53
 a
nd
 th
en
 th
e 
in
-f
ra
m
e 
de
le
tio
ns
 o
f t
he
 g
en
e 
be
in
g 
te
st
ed
. P
la
sm
id
s c
on
ta
in
in
g 
de
le
tio
ns
 in
 th
e 
or
f3
 
ge
ne
 h
ad
 n
o 
ph
en
ot
yp
e 
in
 th
es
e 
ex
pe
rim
en
ts
. 
80 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fi
gu
re
 3
.2
.  
EM
SA
 o
f t
he
 X
is
2d
 p
ro
te
in
 o
n 
th
e 
-1
18
 to
 +
65
 re
gi
on
 o
f t
he
 P
tr
a p
ro
m
ot
er
. L
an
e 
1 
is
 th
e 
10
0 
bp
 T
ri-
D
ye
 L
ad
de
r f
ro
m
 N
EB
.  
In
 L
an
e 
2,
 c
on
ta
in
s t
he
 1
82
 b
p 
fr
ag
m
en
t o
f t
he
 P
tr
a 
pr
om
ot
er
 re
gi
on
.  
La
ne
 3
 is
 a
n 
em
pt
y 
ve
ct
or
 o
f t
he
 X
is
2d
 p
ro
te
in
.  
La
ne
 4
-8
 c
on
ta
in
s s
hi
fts
 u
si
ng
 
di
ffe
re
nt
 c
on
ce
nt
ra
tio
ns
 o
f t
he
 X
is
2d
 p
ro
te
in
.  
Th
e 
ra
tio
 o
f X
is
2d
 to
 D
N
A
 is
 sh
ow
n 
ab
ov
e 
ea
ch
 
la
ne
.  
81 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3. EMSA analysis of the binding of the Xis2c protein to the -118 to +65 
region of the Ptra promoter. The Xis2c protein is partially purified. Lane 1 contains 
the 100bp ladder from NEB. Lane 2 contains the DNA fragment of the Ptra 
promoter.  Lane 3-5 contains decreasing concentrations of the Xis2c protein.  At 
higher concentrations, two bands are detected (Lane 3).  As the concentration of 
Xis2c is decreased, a single shift is detected (Lane 4).  The shift of the DNA is lost 
at lower concentrations (Lane 5). 
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CHAPTER FOUR 
CREATION OF AN IN VIVO EXCISION SYSTEM IN E. COLI 
 
INTRODUCTION 
With the creation of an in vitro intramolecular excision assay, I determined the 
protein and DNA requirements for excision (See Chapter 2).  The next logical step in the 
project was to isolate mutants of the excision proteins that were incapable of promoting 
excision. These mutants would provide further information about the role and function of 
each protein, specifically if there are protein-protein interactions and which amino acids 
are essential for DNA binding. An in vivo intramolecular excision assay in E. coli can be 
formed by modifying the in vitro intramolecular excision assay.  I constructed many of 
the plasmids needed for this assay.  I also tested one version of the assay and observed in 
vivo excision.  This project will be continued by another graduate student who will isolate 
and test the excision mutants.  
 
MATERIALS AND METHODS AND RESULTS 
Plasmids, Bacterial Strains, and Growth Conditions 
Sequencing of the plasmids was done by either the UIUC Core Sequencing 
Facility or ACGT, Inc. Oligonucleotides were synthesized by Integrated DNA 
Technologies, Inc. Bacterial strains were grown in Luria–Bertani (LB) broth or on LB 
agar plates or MacConkey-lactose plates (5). Antibiotics were supplied by Sigma and 
used at the following concentrations: kanamycin (kan) 50µg/ml; chloramphenicol (cam) 
20µg/ml; tetracycline (tet) 10µg/ml; streptomycin (str) 50µg/ml; spectinomycin (spc) 
100µg/ml; and ampicillin (amp) 100 µg/ml. Restriction enzymes, alkaline phosphatase, 
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and T4 DNA ligase were supplied by New England Biolabs (NEB). Isopropyl β-D-1-
thiogalactopyranoside (IPTG) was used at 1 mM. PCR reactions were either performed 
with KOD Hot Start DNA Polymerase from Novagen or PCR Master Mix from 
Fermentas. Agilent Technologies’ QuikChange XL site-directed mutagenesis kit was 
used for site-directed mutagenesis.  The TriDye 100 bp and 1kb ladder were from NEB. 
 
Promoter Selection 
  Native Bacteroides promoters are not recognized by E. coli RNA polymerase, 
although some basal level of expression has been observed. Since I wanted to construct 
an indicator screen in E. coli, I cloned all of the excision genes under the native inducible 
E. coli lactose promoter. There are two versions of this promoter that are in common use, 
the Lac and LacUV5 promoter. The LacUV5 promoter has a two bp mutations of GT to 
AA that  increases the level of expression of downstream genes when induced (4) (Figure 
4.1 A.).  First, I used the natural lactose promoter that contains the CAP site, the RNA 
polymerase Interaction Site, and the Operator site.  In the second version of this 
promoter, I changed the promoter to the LacUV5 promoter by changing two basepairs 
from GT to AA.  In the third version of this promoter, I created a hybrid of the Lactose 
promoter fused to the RBS from the pET-30a (+) vector (Figure 4.1 B.).  In the following 
sections, I will describe the cloning of the excision genes and will list the promoters for 
each gene.  
  
Selection of Plasmids 
Limiting expression of the excision proteins is desirable for two reasons.  First, in 
Bacteroides the excision genes are in the chromosome and expression is tightly regulated.  
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Expression of a low-copy number plasmid resembles in vivo levels better than expression 
from a high copy number plasmid. Second, the expression of the excision proteins may 
be toxic to E. coli, which makes reduced expression the best option for an indicator 
strain. Finally, I wanted the plasmids to be interchangeable so that all of the excision 
genes can be mutagenized.  For this reason, I selected several plasmids to clone the 
excision genes into, which will be described below. 
 
The pKH16 Vector 
The pKH16 plasmid contains a portion of pSC101 from the HincII- RsaI 
restriction sites which includes the pSC101 replication origin, which shares no homology 
with pBR322. It is a low-copy number plasmid with a predicted value of five copies per 
cell.  The pKH16 plasmid encodes resistances to streptomycin and spectinomycin and 
contains the pUC8 multiple cloning site. At the time of this project, the sequence of 
pKH16 was unknown and it was not clear if the above statements were true.  Therefore, I 
sequenced most of the plasmid and verified the details known about the plasmid (Figure 
4.2).  
I cloned several different gene products into pKH16 for use in the indicator strain.  
The first plasmid I constructed contained the intdot gene.  I generated a PCR product of 
approximately 1400 bp containing the intdot gene using the intdot gene primers (Figure 
4.3). The promoter (version 3) was included in the forward primer.  This PCR product 
was digested with HindIII and cloned into pKH16 to generate pCMK960, a plasmid that 
is approximately 5.9kb (Figure 4.3).   
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Next, I cloned the xis2c and xis2d genes into pKH16.  Since I wanted to 
mutagenize the xis2c and xis2d genes together, these two gene products were cloned into 
pKH16 as an operon. The operon was constructed in E. coli as follows.  The xis2c (530 
bp) and xis2d (320 bp) PCR products were amplified using the xis2c and xis2d primers.  
The 3’ end of the xis2c gene and the 5’ end of xis2d gene contained a BamHI restriction 
site (Figure 4.4).  Each PCR product was digested with BamHI and ligated together to 
form a product that contained the xis2c and xis2d genes. The sequence of DNA between 
the xis2c and xis2d genes contains the RBS from the pET-30a(+) vector (Figure 4.4) to 
increase expression and to allow for one gene to be mutagenized while the other remains 
functional since both genes have their own RBS binding site. The ends of this product 
contained HindIII sites.  This product was digested with HindIII and cloned into pKH16 
to generate pCMK932, a 5.4 kb plasmid.  
After the host factor BHFa was identified, I cloned another version of the plasmid 
that contains the intdot and the bhfa gene in pKH16, although these two genes are not in 
an operon. To construct this plasmid, I cloned the bhfa gene, which was amplified using 
the bhfa primers, into the BamHI site of pCMK960.  The ends of this product contained 
BamHI sites.  This product was digested with BamHI and cloned into pCMK960 to 
generate pCMK932, a 7.0 kb plasmid (Figure 4.3) .  
The last derivative of KH16 I constructed contained the bhfa gene by itself.  To 
construct this plasmid, I cloned the bhfa gene, which was amplified using the bhfa 
primers, into the BamHI site of pKH16.  The ends of this product contained BamHI sites.  
This product was digested with BamHI and cloned into pKH16 to generate pCMK1011, a 
5.5 kb plasmid (Figure 4.3). 
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The pSRK Plasmid 
  We decided that expression of the Exc protein in E. coli would be from pSRK, a 
plasmid from the Farrand Lab (2).  Unlike pKH16, this is a medium copy number 
plasmid with about 30 copies per cell.  However, the plasmid contains the lacI gene, 
which reduces basal expression levels in the absence of IPTG. The pSRK origin of 
replication is closely related to that of ColE1.  The plasmid encodes the tetracycline gene 
and contains a multiple cloning site (2). An advantage to using this plasmid is that the 
gene of interest is cloned into the lacZα gene thereby disrupting it which allows for 
screening clones on MacConkey-lactose plates.  
I cloned two different gene products into pSRK for use in the indicator strain.  
The first plasmid I constructed placed the exc gene into pSRK.  I generated a PCR 
product of the exc gene using the exc gene primers, which resulted in a PCR product of 
approximately 2000 bp (Figure 4.5). This PCR product was digested with NdeI and 
HindIII and cloned into pSRK to generate pCMK929, a plasmid that is approximately 7.5 
kb (Figure 4.5). Next, I repeated the above protocol to clone the Y315F exc into pSRK to 
generate pCMK930.  
 
The pACYC184 Plasmid 
The pACYC184 plasmid contains an origin of replication from p15A which is 
predicted to be 15 copies a cell.  It is compatible with MB1- or ColE1-derivatives, 
allowing it to be used with pSRK. It encodes resistance to chloramphenicol and 
tetracycline.  However, when I cloned the bhfa gene into pACYC184, I inserted it into 
the BamHI site in the tetracycline gene.  Thus, the plasmid is only chloramphenicol 
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resistant. The bhfa gene was PCR amplified using the bhfa primers and digested with 
BamHI and cloned into the BamHI site to generate pCMK1012 (Figure 4.6).  
 
Mutagenesis 
Each of these plasmids can be mutagenized using hydroxylamine in vitro, which 
is specific for GC-AT transitions. A protocol for this procedure can be found in Seyeun 
and Gardner, 2010 (3). I made positive controls for two of the plasmids to be used during 
mutagenesis to verify that the hydroxylamine treatment worked. For this, I cloned the 
CTnDOT attB site fused to the lacZα gene into pKH16 to generate pCMK940 and 
pCMK941 and pACYC184 to form pCMK963.  This insert is 487 bp (Figure 4.7).    
 
Summary for Plasmid Construction 
By cloning each excision gene in different plasmids, it was possible to combine 
them in different combinations in the indicator strain.  This allows each gene to be 
mutagenized independently. However, the limiting factor in the indicator strain is the 
number of antibiotics that can be used to select colonies for excision.  Therefore, it is 
desirable to integrate some of the required excision genes, either IntDOT or Xis2c and 
Xis2d, into the chromosome to reduce the number of antibiotics selected.  Thus, I 
constructed a series of plasmids to be integrated in to the chromosome of the indicator 
strain that contain different excision genes in a pRA102 based plasmid.  
 
Integration of pra102-Based Plasmids into the Λ attB Site  
When I originally began to work with this system, I integrated pCMK1018 which 
contains the cam gene between the attL and attR sites into the chromosome of E. coli. I 
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considered this plasmid optimal for excision (Figure 4.8).  First, it contains the same 
overlap sequences and had 1444 bp between the attL and attR sites.  These two 
conditions allow for optimal excision in vitro. This plasmid, or any pRA102 based 
plasmid, was inserted into the chromosome as follows. Any pRA102-based plasmid, 
which contains the attL and attR sites of CTnDOT along with an indicator, can be 
integrated into the λ attB site of E. coli by using the λ attP site which is on the plasmid.  
The plasmid pAH57 which contains the Lambda int gene was made by the Wanner lab 
(1) and obtained from the Metcalf lab.  It is a temperature sensitive plasmid that contains 
the int gene downstream of  λpR under cI857 control.  This plasmid was transformed into 
DH5α at 30°C to generate DH5α:pAH57. Any pRA102 plasmid can be transformed into 
this strain to integrate into the chromosome.  Following transformation, cells are allowed 
to recover at 37°C for 1 hour and then shifted to 42°C for 30 minutes.  Cells are plated on 
plates supplemented with kanamycin and incubated at 37°C.  Loss of pAH57 can be 
tested by the inability to grow in the presence of ampicillin or by screening with PCR. 
Rarely, this process can result in two plasmids integrating into the attB site (Figure 4.9). 
To test for this, the primers in Figure 4.9 can be used to detect both the integration and 
copy number of pRA102.  A Lambda positive control would need different P2 and P3 
primers; the sequence of these primers can be found in (1).  
 
Problems and Strain Selection 
After plating the cells on kanamycin, I obtained many colonies of DH5α Ω 
pCMK1018 which contains the cam gene between the attL and attR sites. Insertion into 
the chromosome was verified using the primers in Figure 4.9.  These colonies were blue 
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on plates containing X-gal and IPTG.  To induce excision of the cam gene, I transformed 
the plasmid pCMK932, which contains the xis2c and xis2d genes into the strain DH5α Ω 
pCMK1018.  Following a 20 minute recovery period, I induced the cells with 1mM 
IPTG. After 2 hours, the cells were plated on media containing spectinomycin and 
kanamycin. However, when the plasmids containing the excision proteins were 
transformed into the strain and the genes were expressed with IPTG, all the cells turned 
white and appeared sick. These results were not observed with the empty vector 
plasmids.  When the empty vector plasmids were transformed into the cells and induced 
with IPTG, colonies remained blue on plates containing X-gal. Using PCR, I amplified 
the lacZα gene and demonstrated that it had not excised from the strain. Since alpha 
complementation in DH5α depends on the phi80 phage, which contains the rest of the 
lacZ gene, I considered it possible that the excision proteins were affecting this phage and 
preventing the alpha complementation.  
I have had several problems previously using DH5α in cloning the excision genes.  
When I was cloning the exc gene, a vast majority of the plasmids obtained from DH5α 
following ligation and transformation contained mutations in the exc gene. I switched to 
cloning in HB101 and was able to isolate plasmids containing the exc gene easily and 
without mutations. Thus, I moved the excision system into HB101; however, this strain is 
not capable of doing alpha complementation.  Since my plasmid pCMK1018 contains the 
cam gene between the attL and attR sites, I used this to screen colonies.  I repeated the 
integration of the plasmid pCMK1018 into the chromosome.  The colonies did not appear 
as sick as in DH5α.   Next, I transformed in pCMK932, which contains the xis2c and 
xis2d genes and obtained colonies on plates containing kanamycin. I restreaked on plates 
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with and without chloramphenicol.  There was no growth on the restreaks on the 
chloramphenicol plates 25% of the time.  Thus, the in vivo excision system works 
because I detected loss of the cam gene which could only result from excision.  
 
DISCUSSION 
  Although the excision system currently works, using chloramphenicol as a marker 
does not allow for isolating mutants with an intermediate phenotype.  The next step is to 
remake the strain with a new marker. I cloned the entire lacZ gene between the attL and 
attR sites in pCMK1023 which can serve as the new marker. A new student, Adam K. 
cloned with xis2c and xis2d genes into the HaeII site and is preparing to use another 
strain of E. coli R100.  Then this system can be employed to isolate mutations in the 
excision genes. 
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Figure 4.4. Diagram of the xis2c and xis2d gene cloned into 
pKH16. The xis2c and xis2d PCR products were digested and 
ligated with BamHI.  The RBS from the pET-30a(+) vector 
was included in the primer for the xis2d gene. The ligated xis2c 
and xis2d product was cloned into the HindIII site to generate 
pCMK932.  
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CHAPTER FIVE 
MUTATIONAL ANALYSIS OF INTDOT: IDENTIFICATION OF THE AMINO 
ACIDS INVOLVED IN HOLLIDAY JUNCTION RESOLUTION 
 
INTRODUCTION 
IntDOT, the tyrosine recombinase of CTnDOT, catalyzes strand exchange during 
integration into and excision from the chromosome. There are three domains in the 
IntDOT protein: the N-terminal domain that interacts with the arm-type sites and the 
core, and the catalytic domains that interact with the D and Dʹ core-type sites. These 
domains are responsible for forming higher-order nucleoprotein complexes called 
intasomes and for carrying out the strand exchanges that include DNA binding, DNA 
cleavage, and DNA ligation. For each of these steps, we have developed an in vitro assay 
where we can incubate extracts containing wild-type or mutant IntDOT proteins and test 
their abilities to perform these steps (2).  
Important amino acids involved in DNA binding, cleavage, and ligation were 
identified by screening plasmids containing the intDOT gene mutagenized with 
hydroxylamine and screened through a newly developed in vivo integration assay (Figure 
5.1) (2). In this assay, a plasmid containing the lacI+ gene was cloned between the attB 
and attDOT sites of CTnDOT and was inserted into the chromosome of E. coli W3110. If 
a wild-type copy of IntDOT were provided in trans, recombination would occur between 
the attB and attDOT sites. This would result in the excision of the lacI+ gene, on a 
circular DNA molecule, which is then lost in subsequent generations due to lack of a 
replication origin. Without the LacI repressor protein, colonies would turn blue when 
cells are plated on media containing X-gal. If the copy of IntDOT contains substitutions 
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that abolish activity, then the lacI+ gene would not excise from the chromosome and the 
colonies would be white on media containing X-gal.  
Using this assay, several mutants with substitutions in the intDOT gene were 
isolated and identified by DNA sequencing. These substitutions were concentrated in the 
catalytic and core binding domain, although a few substitutions were isolated in the N-
terminal domain (Figure 5.2) (2). Protein extracts of each IntDOT substitution protein 
were tested for DNA binding, ligation, and cleavage. One of the substitution mutants 
isolated, the V95M protein, showed wild type levels of activity in each in vitro assay, 
although it was defective in in vivo integration. These results lead to the hypothesis that 
the residue V95 in IntDOT could be involved in protein-protein interactions or HJ 
resolution during integration. At that time, we had no in vitro assays to test these 
functions.  
Subsequently, a HJ resolution assay was developed to test the previously isolated 
IntDOT mutant proteins containing the substitutions (1). In this assay, a synthetic HJ was 
constructed containing the D, Dʹ, B, and Bʹ sites. The HJ contained arm branches that 
were approximately 50 bp long. The arm-type and binding sites for the accessory proteins 
were not included in the synthetic HJ. Using this assay, it was shown that a protein 
extract containing wild-type IntDOT protein could resolve the HJ but an extract 
containing V95M IntDOT protein could not resolve HJs. The location of this substitution 
is on the putative second α-helix in the IntDOT protein.  
Surprisingly, the position of the substitution in the V95M protein corresponds to a 
similar substitution isolated in Lambda Int called “the coupler”. In Lambda Int, the 
coupler interaction occurs between two amino acids that form an ion pair interaction 
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during recombination to resolve HJs. In the model proposed by Lee et al, the R30 residue 
of one Int monomer interacts with the residue D71 in the second α-helix in a different Int 
monomer to resolve HJs (3). No HJ resolution was observed in the in vitro HJ resolution 
assay when HJs were incubated with either the D71R or R30D protein. When a double 
substitution Lambda Int was constructed, the D71R R30D protein, where the residues 
were changed to the opposite charge, HJ resolution was restored in the in vitro assay. A 
potential caveat is that the double substitution D71R R30D protein may still be unable to 
perform the entire recombination reaction at wild type levels, although this was not 
directly tested in the paper (3) (J. Gardner and A. Landy, personal communication).  
Since we had already isolated a mutant with a substitution of the V95 residue that 
disrupted HJ resolution, we hypothesized that a charged residue near the V95 residue 
could be involved in an ion pair interaction with another residue. The K94E and K96E 
proteins were unable to resolve HJs suggesting the residues K94, V95, and K96 are 
involved in the potential coupler. Next, Kim and Gardner attempted to identify the other 
residue involved in the potential coupler. Since the other residue involved in HJ 
resolution was in the N-terminal domain in Lambda Int, they examined the IntDOT 
protein N-terminal primary sequence for negatively charged residues, either aspartic acid 
or glutamic acid. There are nine negatively charged amino acids in the N-terminus 
domain of IntDOT; residues D19, D31, D44, D49, E64, D70, E82, E85, and D87 (Figure 
5.3). They choose four potential residue targets for mutagenesis that showed a similar 
position to the residue found in Lambda Int. These included the residues D19, D31, D44, 
and D49 (Figure 5.3). These four aspartic acid residues were mutated to lysine to switch 
the charge of the residue and tested for the ability to perform in vivo integration, to bind 
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and ligate DNA, and to resolve HJs. Although some of these substitutions were defective 
in the first three assays, all could resolve HJs. Thus, these residues are not involved in a 
charged ion pair in the putative coupler of IntDOT (1).  
In this work, I constructed additional substitutions in IntDOT with a focus on 
identifying other residues that affect HJ resolution. I also constructed a series of mutants 
with substitutions in the α- helix containing the V95 residue to test the adjacent residues 
for their ability to perform in vivo integration. Next, I examined other negatively-charged 
residues in the first α-helix of IntDOT as they may be involved in a charged ion pair 
interaction in the putative coupler of IntDOT. Finally, I constructed a series of double 
mutants and tested their ability to perform in vivo integration.  
 
MATERIALS AND METHODS 
The primers used in the mutagenesis of intdot on pSK2 are listed in Tables 5.1-
5.3. Details on construction of this plasmid and the in vitro integration assay are 
described in Kim and Gardner (2). Mutants were screened as described by Kim and 
Gardner were colonies expressing WT levels of IntDOT were designated (++), colonies 
with decreased activity were designed (+) and colonies with no activity were designated 
(-). Agilent Technologies’ QuikChange XL site-directed mutagenesis kit was used for 
site-directed mutagenesis. Sequencing of the plasmids was done by ACGT, Inc. 
Oligonucleotides were synthesized by Integrated DNA Technologies, Inc. Bacterial 
strains were grown in Luria–Bertani (LB) broth or on LB agar plates. Ampicillin (amp) 
was supplied by Sigma and used at 100 µg/ml. 
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RESULTS 
The V95M mutant was previously shown to be defective for in vivo integration. 
Subsequent work showed that the V95M protein was incapable of resolving HJs (1, 2). 
These residues correspond in location to residues in Lambda Int that are responsible for 
HJ resolution. However, the coupler region of Lambda Int utilizes a charge-charge 
interaction between two protein monomers to catalyze HJ resolution. Therefore, focus 
shifted to the positively charged residues K94 and K96 that flanks V95 as possibly being 
directly involved in this process. I made a series of changes in these residues (Figure 5.4). 
For the residue K94, I changed it to the positively charged arginine, which was active in 
the in vivo integration assay although with only 80% of the activity of wild type IntDOT. 
Changing the residue to alanine resulted in only one detectable blue colony in the assay, 
indicting this change decreased integration over 1000 fold. Finally, switching the charge 
of the residue to the negatively charged aspartic acid abolished integration. These data 
would indict that this residue K94 may be part of the putative coupler, since it appeared 
to require a positive charge for the enzyme to function. Substitutions of the other charged 
residue K96 showed a similar pattern of activity. Changing the amino acid to arginine 
resulted in wild type integration, while changing to alanine or aspartic acid abolished 
integration. This suggests the three adjacent residues, K94-V95- K96 may be in the 
putative coupler of IntDOT. 
I also examined the ability of the IntDOT protein to tolerate substitutions in the 
residue V95 (Figure 5.4). When valine was changed to leucine or isoleucine, maintaining 
a non-polar amino acid, there was no change in activity. A substitution of alanine reduced 
activity of IntDOT. By changing to phenylalanine, which increased the size of the side 
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group on the residue, the protein was inactive, suggesting that this change might disrupt 
contact with the other IntDOT monomer or disrupt protein folding. If the residue V95 
was deleted, the protein was inactive. A proline substitution was also inactive. Finally, if 
the residue was changed to a charged residue, either arginine or glutamic acid, the protein 
was inactive. It is possible that a non-polar residue is needed between the charged 
residues K94 and K96 to maintain the interface with the other IntDOT monomer.  
Finally, I analyzed the effect of changing other residues in the α-helix outside the 
putative coupler region containing residues K94-V95-K96 (Figure 5.4) Four proteins: 
V90M, T91A, N97A, and F99A, had the wild-type phenotype. Surprisingly, the F99A 
protein showed increased level of activity when examined in the in vivo integration assay. 
A possible explanation is that reducing the size of the side chain of residue F99, which is 
adjacent to the putative coupler region of the helix, may allow the two IntDOT monomers 
to form a more stable complex that promotes HJ resolution. 
Previous attempts to identify the other residues that interact with the putative 
coupler were not successful. Previously, it was shown that substitutions in the residues 
D19, D31, D44, and D49 did not affect HJ resolution (1). There are five other negatively 
charged amino acids in the N-terminus domain of IntDOT, the residues E64, D70, E82, 
E85, and D87 (Figure 5.3). The other five residues are predicted to be in the first α-helix 
of IntDOT; however, the prediction of the location of the residues E85 and D87 in the 
first α-helix is not strong. Thus, I decided to focus on the residues E64, D70, and E82 as 
possible candidates for interaction in the putative coupler.  
I changed each of the residues E64, D70, and E82 to arginine, alanine, and lysine. 
and evaluated the effect on integration (Figure 5.5). There was no change in activity in 
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the E82A or E82R proteins but there was reduced activity for the E82K protein. The 
D70A, D70R, and D70K proteins resulted in no or little activity. The E64A and E64R 
proteins had reduced activity while the E64K protein showed little or no activity. Using 
these data, the residues D70 and E64 were considered prime candidates for possible 
interaction with the potential coupler resides of K94-V95-K96 in the second α- helix.  
To test this possibility, I constructed a series of double substitutions of the 
residues E64, D70, E82 and K94 and K96. Each residue was changed to the opposite 
charge (Table 5.4). If the double substitution was able to restore HJ resolution, there 
would be activity in the in vivo integration assay. All proteins were inactive except the 
D70K K96D and E83K K96D proteins. These proteins appeared to be leaky in 
phenotype, where colonies were light blue on plates containing X-gal, and there were 1-2 
blue colonies (0.5%) in the case of the D70K K96D protein suggesting the substitutions 
in the protein restored some activity.  
 
DISCUSSION 
The possibility that the D70K K96D and E83K K96D proteins may restore 
integration could mean that the other half of the potential coupler has been identified. 
However, the next step is to test these proteins in an in vitro HJ resolution assay. I believe 
that the most likely candidate in the first helix is D70, substitution of the D70 residue 
were inactive in integration. When a double mutant was constructed with K96, which was 
also inactive, there was detectable integration showing that the mutant IntDOT was 
partially active.  
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Table 5.4. Evaluation of Double Substitutions in the IntDOT protein. Each 
IntDOT protein was tested for their ability to perform in vivo integration.  
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Figure 5.4. Effect of the substations in the in vivo Integration Assay. A.  Diagram 
of the second α-Helix of IntDOT. B. Using site-directed mutagenesis, various 
substations were constructed in plasmids containing the intDOT gene and tested 
for activity. Activity was compared to the wild-type plasmid containing the 
intDOT gene, which had ++ activity. 1 Has 80% of WT activity. 2 Has 25% of WT 
activity. 3 Has 70% of WT activity. 
A. 
B. 
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Figure 5.5. Evaluation of Substitutions in the First α-Helix of IntDOT. A. 
Diagram of the first α-Helix of IntDOT. B. The predicted structure of α-Helix One 
is shown on the left. Residues are colored as follows; Nonpolar (orange), Polar 
(green), Negatively charged (pink), and Positively charged (blue). Various 
substitutions were constructed in plasmids containing the intDOT gene in the E64, 
D70, and E82 residues. These mutants were tested for its ability to perform in vivo 
integration. 1, 4 Has 50% of WT activity. 2 Has 30% of WT activity. 3 Has 5% of 
WT activity.  
 
 
A. 
B. 
119 
 
   
 
CHAPTER SIX 
IDENTIFICATION OF THE ATTB SITES IN E. COLI 
 
INTRODUCTION 
  CTnDOT integration into the chromosome requires IntDOT and BHFa (Ringwald 
and Gardner, in preparation) (1). These proteins promote recombination between two 
attachment sites called attDOT and attB. The attDOT site is 600 bp and the attB site is 60 
bp (2). Recombination occurs by sequential strand exchanges 7 bp apart in a region called 
the overlap sequence in each site. The first exchange requires 2 bp of DNA homology 
adjacent to the cleavage site in each site while the second strand exchange does not 
require homology (4, 5). Presumably, IntDOT and BHFa assemble into a complex on the 
attDOT site called the integrative intasome, which undergoes synapsis with an attB site. 
The attB site contains three distinct regions; the B core-type site, the overlap site, and Bʹ 
core-type site. The B and Bʹ are binding sites for IntDOT monomers while the overlap 
region is where IntDOT catalyzes strand exchange (4, 5, 8).  
  The transfer of CTnDOT to other bacterial species would presumably be limited 
by three factors. First, CTnDOT excision requires BHFa, a host-supplied protein to form 
the intasome. However, IHF from E. coli can substitute along with other DNA binding 
proteins, even from some eukaryotic species (K. Ringwald and J. Gardner, unpublished 
data). Second, the promoters of CTnDOT must be recognized by the host machinery to 
express the proteins that promote integration, excision, and transfer. However, since part 
of CTnDOT derives from a Gram-positive element, it is possible that there is interaction 
with a broad range of species. Finally, if CTnDOT does transfer to a new species, it 
requires an attB site to integrate into the chromosome. When CTnDOT integrates into the 
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chromosome of Bacteroides, it utilizes over 60 potential attB sites. Several attB sites 
have been sequenced in Bacteroides and a consensus sequence was identified as 5’ 
GTWNNTTTGCNNNNNNAWNNT 3’ (Table 6.1). The underlined portion represents 
the overlap region. Another element in Bacteroides is NBU1, a mobilizable transposon 
that requires CTnDOT proteins to excise and transfer. This element integrates site-
specifically in Bacteroides. However, when NBU1 integrates into E. coli, it does so in a 
random manner (7). The mechanism by which CTnDOT might integrate into the 
chromosome of E. coli is unknown. In this chapter, I developed a protocol for integrating 
the attDOT site from CTnDOT into the chromosome of E. coli to determine the 
mechanism by which it integrates. 
 
MATERIALS AND METHODS 
Plasmids 
All plasmids and primers used in this Chapter are described in Table 6.2. 
Sequencing of the plasmids was done by either the UIUC Core Sequencing Facility or 
ACGT, Inc. Antibiotics were supplied by Sigma and used at the following 
concentrations: kanamycin (kan) 50µg/ml; streptomycin (str) 50µg/ml; and 
spectinomycin (spc) 100µg/ml.  
 
In vivo Integration Assay 
Two E. coli strains, DH5α and HB101, were used in the construction of this 
system (see next section for details). The plasmid, pCMK960, which contains the intdot 
gene under the pLac promoter, was transformed into E. coli to make E. coli DH5α 
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pCMK960 or E. coli HB101 pCMK960 (Figure 6.1). In addition, another plasmid, 
pCMK1005, which contains the intdot and bhfa genes was constructed to replace 
pCMK960, but was not used in the data collected in this chapter. This plasmid was 
constructed to test if there was any difference in integration when the real host factor, 
BHFa, was present. Next, the plasmid pCMK937, a pir-dependent plasmid, which 
contains the attDOT site from CTnDOT, was transformed into this strain. It has an 
overlap sequence of GCTTAGT.  If it does not integrate into the chromosome, it will be 
unable to replicate in the cell. Following a 20 minute recovery period after 
transformation, 1mM IPTG was added to the recovering cells to allow for production of 
the IntDOT protein. After two hours of recovery, the cells were plated on plates 
containing kanamycin to select for pCMK937.  
 
Strain Selection 
When I started this project, I first tested the system in E. coli DH5α. When the 
plasmid pCMK937 was integrated into the chromosome, approximately 10-20 colonies 
resulted on a plate containing kanamycin. This process appeared inefficient and the cells 
looked sick. Since I have had trouble using E. coli DH5α during experiments with 
excision proteins (see Chapter Four), I switched to using E. coli HB101. Although I 
cannot be certain what aspect of the strain prevents the excision proteins from causing a 
toxic effect which prevents growth, I hypothesized that it has to do with the Phi80 phage 
in  E. coli DH5α which contains the 2nd half of the lacZ gene for alpha complementation. 
Repeating the experiment in this strain resulted in 50+ colonies per transformation and 
the cells did not appear sick. All data listed below was obtained using HB101.  
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Sequencing the Overlap Sequence 
After colonies containing an integrated pCMK937 were obtained, I sequenced 
their attL and attR overlap regions.  First, genomic DNA was extracted using the kit 
Illustra Bacteria Genomic Prep Mini Spin Kit from GE. All steps were followed as 
described, except I only added half the amount of the elution buffer in the last step to 
concentrate the genomic DNA when it eluted from the column. The sequencing reactions 
were performed as described in Heiner et al. Results of sequencing were analyzed using 
Sequencher (3).  
 
RESULTS 
  Using the consensus sequenced obtained for an attB site in Bacteroides, I 
searched the E. coli chromosome for potential targets (Table 6.3)  There are 12 predicted 
integration sites; however, 10 of the 12 integrate within genes and would disrupt their 
function.  Some of these genes may be essential for E. coli.   
Only two colonies were sequenced using the protocol described above. Both were 
isolated from HB101. The first sequenced colony integrated into the yddA gene, which is 
a predicted multidrug transporter subunit (Table 6.4). The gene is in a predicted operon of 
which yddA is the first gene. It has been previously shown that these three genes may 
function together to uptake iron (6).  The attB site in yddA closely matches the consensus 
generated in Bacteroides; only the first T does not match the consensus sequence.  
However, this basepair is not conserved among all sites. 
The second sequenced colony integrated into the yeiI gene, which is a predicted 
kinase.  This gene does not appear to be in an operon.  The attB sequence is very different 
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from the consensus, with only one T conserved (Table 6.5).  This sequence would not 
work well in the in vitro integration assay with likely less than 1% recombination. This 
sequence may represent the fact that integration does not follow the same pattern as in 
Bacteroides. It is possible that IntDOT used an 8 bp overlap sequence instead of the 
preferred 7 bp overlap sequence. If the 1st strand exchange occurred 1 bp upstream, the 
sequence would conserve the predicted consensus sequence.  This phenomenon has been 
observed in other tyrosine recombinase systems.  
 
DISCUSSION 
  Since only two colonies were sequenced, I cannot predict if the second colony 
was a rare event or a common occurrence.  Further attB sites must be sequenced to 
determine if integration is random in E. coli and if the consensus sequence really 
represents the attB targets.  Interestingly, neither of the two colonies were on the list 
generated using the consensus sequence from Bacteroides.   
  Future work would center on repeating this experiment with additional colonies to 
generate more sequences.  In addition, a positive control should be constructed that 
contains an attB site from Bacteroides.  Integration into this site would be measured to 
determine if it was preferred or if integration is indeed random.   
124 
 
   
 
REFERENCES 
 
1. Cheng, Q., B. J. Paszkiet, N. B. Shoemaker, J. F. Gardner, and A. A. Salyers. 
2000. Integration and excision of a Bacteroides conjugative transposon, CTnDOT. 
J Bacteriol 182:4035-4043. 
2. Cheng, Q., N. Wesslund, N. B. Shoemaker, A. A. Salyers, and J. F. Gardner. 
2002. Development of an in vitro integration assay for the Bacteroides 
conjugative transposon CTnDOT. J Bacteriol 184:4829-4837. 
3. Heiner, C. R., K. L. Hunkapiller, S.-M. Chen, J. I. Glass, and E. Y. Chen. 
1998. Sequencing Multimegabase-Template DNA with BigDye 
Terminator Chemistry. Genome Research 8:557-561. 
4. Laprise, J., S. Yoneji, and J. F. Gardner. 2010. Homology-dependent 
interactions determine the order of strand exchange by IntDOT recombinase. 
Nucleic Acids Research 38:958-969. 
5. Malanowska, K., S. Yoneji, A. A. Salyers, and J. F. Gardner. 2007. CTnDOT 
integrase performs ordered homology-dependent and homology-independent 
strand exchanges. Nucleic Acids Res 35:5861-5873. 
6. McHugh, J. P., F. Rodríguez-Quiñones, H. Abdul-Tehrani, D. A. 
Svistunenko, R. K. Poole, C. E. Cooper, and S. C. Andrews. 2003. Global 
Iron-dependent Gene Regulation in Escherichia coli. Journal of Biological 
Chemistry 278:29478-29486. 
7. Shoemaker, N. B., G. R. Wang, and A. A. Salyers. 1996. NBU1, a mobilizable 
site-specific integrated element from Bacteroides spp., can integrate 
nonspecifically in Escherichia coli. J Bacteriol 178:3601-3607. 
8. Wood, M. M., J. M. DiChiara, S. Yoneji, and J. F. Gardner. 2010. CTnDOT 
Integrase Interactions with Attachment Site DNA and Control of Directionality of 
the Recombination Reaction. Journal of Bacteriology 192:3934-3943. 
 
 
 
 
 
 
125 
 
   
 
TABLES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ta
bl
e 
6.
1.
  T
he
 c
on
se
ns
us
 se
qu
en
ce
 o
f t
he
 a
ttB
 si
te
s i
n 
Ba
ct
er
oi
de
s. 
Si
x 
at
tB
 se
qu
en
ce
s w
er
e 
se
qu
en
ce
d 
fr
om
 d
iff
er
en
t i
nt
eg
ra
te
d 
fo
rm
s o
f C
Tn
D
O
T.
   
126 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ta
bl
e 
6.
2.
  A
. P
la
sm
id
s u
se
d 
in
 th
is
 C
ha
pt
er
. k
an
 is
 k
an
am
yc
in
, s
pc
 is
 
sp
ec
tin
om
yc
in
 , 
an
d 
st
r i
s s
tre
pt
om
yc
in
. B
. P
rim
er
s u
se
d 
 in
 se
qu
en
ci
ng
 
ch
ro
m
os
om
al
 in
se
rts
.  
127 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ta
bl
e 
6.
3.
 P
re
di
ct
ed
 in
te
gr
at
io
n 
si
te
s i
n 
E.
 c
ol
i f
or
 th
e 
at
tD
O
T 
si
te
.  
128 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ta
bl
e 
6.
4.
  I
ns
er
tio
n 
in
to
 th
e 
yd
dA
 g
en
e,
 a
 p
re
di
ct
ed
 m
ul
tid
ru
g 
tra
ns
po
rte
r s
ub
un
it.
  A
. T
he
 y
dd
A 
ge
ne
 is
 p
re
di
ct
ed
 to
 b
e 
in
 a
n 
op
er
on
 w
ith
 th
e 
yd
dB
 a
nd
 p
qq
L 
ge
ne
s, 
a 
pr
ed
ic
te
d 
po
rin
 p
ro
te
in
 a
nd
 a
 
pr
ed
ic
te
d 
pe
pt
id
as
e.
  B
. T
he
 se
qu
en
ce
 o
f t
he
 a
ttB
 si
te
 in
 y
dd
A 
on
ly
 c
on
ta
in
s o
ne
 m
is
m
at
ch
 in
 th
e 
fir
st
 T
 a
s c
om
pa
re
d 
to
 th
e 
co
ns
en
su
s s
eq
ue
nc
e 
. 
129 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6.5.  Insertion into the yeiI gene, a predicted kinase.  A. The yeiI gene is not 
predicted to be in an operon.  B. The sequence of the attB site in yeiI does not 
resemble the consensus sequence.   
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CHAPTER SEVEN 
EVALUATION OF PLASMIDS IN THE INTRAMOLECULAR EXCISION 
REACTION CONTAINING INDIRECT REPEATS OF  
THE ATTR AND ATTL SITES 
 
INTRODUCTION 
Excision in vivo in Bacteroides is an intramolecular reaction with the direct 
repeats of the attL and attR sites on the same DNA molecule. Other tyrosine recombinase 
systems, for example the Lambda virus, have the ability to catalyze recombination with 
either direct or indirect repeats of the attR and attL sites (1). However, when 
recombination can occur in either orientation, the system may recombine the sites poorly 
when not in the preferred orientation. I evaluated the ability to the excision proteins to 
catalyze recombination on a plasmid containing the attL and attR sites as indirect repeats.  
 
MATERIALS AND METHODS 
A plasmid containing the attL and attR sites as indirect repeats was constructed by 
PCR amplification from pCMK1013 (Figure 7.1). A PCR product was synthesized 
containing attR/ lacZα which contained an AvaII site on one end and a BamHI on the 
other. The PCR product containing the attL site was synthesized to reverse the restriction 
enzyme sites of AvaII and BamHI. Both PCR products were digested with BamHI and 
ligated together. This product containing attR, lacZα, and attL was cloned into the AvaII 
site of pRA102 to make pCMK934. Inversion was detected by PCR amplification using 
the pRA102 sequencing primers and the invert primers (Figure 7.1). 
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RESULTS AND DISCUSSION 
To determine whether IntDOT can recombinant inverted att sites, we constructed 
a plasmid PCMK934 with inverted attL and attR sites (Figure 7.2A). Four primers were 
constructed; two that hybridize to the lacZα gene and two that hybridize to the backbone 
of the plasmid (Figure 7.2A). Primer sets 1,3 and 2,4 resulted in a PCR product before the 
plasmid was incubated with the excision proteins. Primers 1, 2 and 3,4 did not result in 
any product (Figure 7.2B). Following incubation of pCMK934 with the excision proteins, 
a PCR using the primer sets were conducted (Figure 7.1B) A PCR product using primers 
1,3 and 2,4 resulted in the same sized PCR product. However, PCR reactions using 
primers 1,2 and 3,4 resulted in a PCR product that could only result from inversion of the 
DNA (Figure 7.1B). There was no difference in this reaction when Exc was absent or 
present. Furthermore, reactions that were incubated with only IntDOT, BHFa, and Exc 
but lacking Xis2c and Xis2d did not resulted inversion. 
The excision proteins of CTnDOT can catalyze recombination between indirect 
repeats of the attL and attR sites. However, the plasmid construct contained only 444 bp 
between the attL and attR sites and contained different overlap sequences. I screened over 
100 colonies for an inversion event but I did not isolate one. This suggests the reaction is 
inefficient but this could be quantified by quantitative PCR.  
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CHAPTER EIGHT 
THE EXCISION INTASOME OF CTNDOT ASSEMBLES ON THE ATTR SITE 
 
INTRODUCTION 
  Bacteroides spp. are gram-negative obligate anaerobes found in the human colon 
that can act as an opportunistic pathogen outside the colon which can result in infection 
and death (14). Bacteroides spp. are naturally resistant to aminoglycoside antibiotics and 
have acquired antibiotic resistance genes from transmissible elements called conjugative 
transposons or integrative conjugative elements (ICES) over the last thirty years (17, 18). 
One example of an ICE is CTnDOT, a 65kb element which carries the tetQ and ermF 
genes that confer resistances to tetracycline and erythromycin respectively (23).  
  Integration of CTnDOT into the chromosome requires the tyrosine recombinase, 
IntDOT, and a host factor (Ringwald and Gardner, in preparation) (3). IntDOT and the 
host factor bind unique sites on attDOT (600 bp) to assemble a complex called the 
integrative intasome which undergoes synapsis with an attB site (60 bp). The first strand 
exchange during integration requires the first 2 bp out of 7 bp of the overlap sequence to 
be the same while the second strand exchange does not require homology. There is no 
difference in integration efficiencies if the overlap sequences are the same or different in 
the in vitro integration reaction (8, 11).  
  The binding sites of IntDOT and the host factor during integration have been 
characterized (4, 24). Previously, the six arm-type sites bound by the N-terminal domain 
of IntDOT; R1, R1ʹ, R2, R2ʹ, L1, and L2 were identified by DNaseI footprinting and 
EMSA assays (4, 24). These binding sites were further characterized for their role in the 
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integration reaction by mutagenizing a conserved 6 bp sequence found in each site on 
plasmids containing attDOT and testing these plasmids for integration efficiency in the in 
vitro integration reaction (24). Of the arm-type sites, only plasmids containing mutations 
in the L1 and R1ʹ sites were unable to undergo detectable integration. However, no 
detectable integration was observed in reactions containing plasmids with mutations in 
the R1 site and either the R2 or R2ʹ sites suggesting cooperative interactions between the 
arm-type sites during integration (24). The binding locations of the host factor during 
integration will be described elsewhere (Ringwald and Gardner, in preparation). 
 In the CTnDOT excision reaction, the excision proteins, IntDOT, Xis2c, Xis2d, Exc, and 
the host factor bind to the attL site (240 bp) and the attR site (220 bp) to form the 
excisive intasomes which undergo synapsis and IntDOT performs the strand exchange 
that form the attDOT and attB sites. Xis2c and Xis2d are small basic proteins similar to 
Lambda Xis and other recombination directionality factors (RDFs) and Exc is a DNA 
topoisomerase III enzyme (6, 10, 21).  
  Previously, an in vitro intermolecular excision reaction was developed where the 
attL and attR sites were on two different plasmids (20). The excision frequency ranged 
from 0.5-5% and the reaction only required IntDOT, Xis2c, Xis2d, and a Bacteroides 
crude extract containing the host factor (20). The Exc protein did not stimulate this 
reaction. There was no difference in excision frequencies between reactions containing 
substrates with the same or different overlap sequences (5). In this reaction, substrates 
only required that the first 2 bp out of 7 of the overlap sites to be the same for maximal 
excision (5).  
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  When plasmids containing mutations in the arm-type sites were tested for 
excision using the in vitro intermolecular excision reaction, no arm-type site was 
absolutely required for excision. Plasmids containing mutations in the L1, R1, and R1ʹ 
sites showed a decrease of 10-20 fold while mutations in the R2 and R2ʹ sites produced a 
6 fold decrease in excision. Excision reactions containing plasmids with mutations in the 
L2 site had no difference in excision frequency compared to wild-type (24). 
  Recently, a newly developed in vitro intramolecular excision reaction was 
constructed where the attL and attR sites are on the same molecule (6). The efficiency of 
this reaction ranged from less than 1% to virtual completion depending on whether the 
substrates contained the same overlap sequences and if Exc was present in the reaction. 
Excision increased 10-30 fold when the overlap sequences were the same as compared to 
reactions performed under the same conditions with substrates containing different 
overlap sequences where only the first 2 bp out 7 bp were the same (6). If Exc was added 
to the reaction, excision was stimulated 3-5 fold (6). Only the binding sites of IntDOT 
during excision have been characterized using the in vitro intermolecular excision 
reaction (24). The binding sites for Xis2c and Xis2d are unknown and Exc does not 
specifically bind the attL and attR sites (6).  
The in vitro intermolecular excision reaction does not represent the natural form 
of CTnDOT. The attL and attR sites are direct repeats in vivo and recombination is an 
intramolecular reaction. In addition, several differences were observed between the in 
vitro intermolecular excision reaction and the in vitro intramolecular excision reaction (4, 
6, 24). Most notably, there was a difference in the role of Exc in the reaction and the 
efficiency of excision with substrates containing the same or different overlap sequences 
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(6). We report here that there are additional differences between the in vitro 
intermolecular and intramolecular excision reactions in regards to the role of the  arm-
type sites. Unlike the in vitro intermolecular excision reaction, three arm-type sites are 
required in the in vitro intramolecular excision; R1, R1ʹ, and L1. We also showed that 
Xis2c and Xis2d bind the attR site and we have identified the binding sites of the Xis2d 
protein and a possible binding site for the Xis2c protein during excision.  
 
MATERIALS AND METHODS 
Plasmids, Primers, and Reagents 
All plasmids used in this paper are described in Table 8.1. The primers used in 
this paper are listed in Table 8.2 in the supplemental material section. Bacterial strains 
were grown in Luria–Bertani (LB) broth or on LB agar plates or MacConkey-lactose 
plates (19). Antibiotics were supplied by Sigma and used at the following concentrations: 
kanamycin (kan) 50µg/ml and chloramphenicol (cam) 20µg/ml. Sequencing of the 
plasmids was done by the ACGT, Inc. Oligonucleotides were synthesized by Integrated 
DNA Technologies, Inc. Restriction enzymes, alkaline phosphatase, and T4 DNA ligase 
were supplied by New England Biolabs. PCR reactions were either performed with KOD 
Hot Start DNA Polymerase from Novagen or PCR Master Mix from Fermentas. Agilent 
Technologies’ QuikChange XL site-directed mutagenesis kit was used for site-directed 
mutagenesis. The TriDye 100 bp and 1kb ladder were from NEB. 
 
Intramolecular Excision Reactions and Protein Purification 
The intramolecular excision reaction was performed as previously described (6). 
The excision protein concentrations used and purification details were as follows; 
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IntDOT 13.5 µM (approximately 80% pure, (4), Xis2d 200 µM (approximately 85% 
pure, (6), the host factor 0.80 µM (approximately 85% pure, K. Ringwald and J. Gardner, 
in preparation), and Exc 0.20 µM (95% pure, (21). The concentration of Xis2c is 
unknown because it was in a crude extract.  
 
Purification of the Xis2c Protein 
The Xis2c protein was partially purified as described below. The Xis2c protein 
was overexpressed in E. coli Rosetta (DE3) pLysS ihfA. Cells were grown to an optical 
density of 0.6 at A600 nm at 30°C and induced with 1mM IPTG. After induction, cells 
were grown at 25°C for 20 minutes. Then, rifampicin was added to a concentration of 
200 ug/ml and the cells were shaken for 2 hours and pelleted by centrifugation. A 500ml 
cell pellet was resuspended in 5 ml of low salt sodium phosphate buffer [50 mM sodium 
phosphate, pH 7.0, 600 mM NaCl, 1 mM EDTA pH 7.0, 5% glycerol, 1 mM 
dithiothreitol (DTT), a Roche Complete EDTA-free protease inhibitor tablet, and 
lysozyme at 1mg/ml]. Cells were sonicated and centrifuged at 10000 rpm for 30 minutes. 
The supernatant was loaded onto a HiTrap SP HP column (GE Life Sciences) and washed 
with 5 column volumes of low salt sodium phosphate buffer. A salt linear gradient 
ranging from 600mM to 2M NaCl was used for elution and Xis2d eluted from the column 
at approximately 1.3M NaCl. Active fractions were immediately dialyzed in Xis2c 
storage buffer (50 mM sodium phosphate, pH 7.0, 0.25M NaCl, 1 mM EDTA pH 7.0, 
40% glycerol, 1 mM DTT) 2 times for 2 hours and overnight. Activity was verified by 
EMSA analysis. The supernatant was aliquoted, frozen in a dry ice in ethanol bath, and 
stored at -80°C. The identity of Xis2c was confirmed by mass spectrometry performed at 
the University of Illinois Mass Spectrometry lab. The protein is approximately 90% pure. 
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However, the protein is unstable and activity varies between batches and the protein loses 
activity with 48-72 hours of purification.  
 
Construction of the Arm-Type Site Mutation Plasmids 
Plasmids containing mutations in the arm-type sites were created to examine their 
effect on intramolecular excision. These arm-type sites were identified by DNaseI 
footprinting and were subsequently evaluated for their role in integration and in the 
intermolecular excision reaction (4, 24). There are 6 arm-type sites in CTnDOT; R1ʹ, R1, 
R2, R2ʹ, L1, and L2. A series of plasmids was constructed containing one of the arm-type 
site mutations with either the same or different overlap sequences (pCMK972- 
pCMK983) as described by Wood et al. (24). The attL and attR sites are separated by 
1444 bp. 
 
Construction of the Plasmids Containing Mutations in the Xis2d and Xis2c Sites 
  The Xis2d binding sites on the attR site was identified by DNA footprinting and 
characterized by EMSA analysis of mutant oligos. A series of plasmids pCMK1049- 
pCMK1057 were created by site-directed mutagenesis to mutate the D1 and D2 binding 
sites to its complement. These plasmids changed the identified binding sequence to its 
complement to generate plasmids with mutations in the D1, D2, and both the D1 and D2 
sites with the same and different overlap sequences. Two tentative binding sites for the 
Xis2c protein was identified between the D1 and D2 site and a series of plasmids was 
constructed with mutations in the C1, C2, and C1 and C2 sites.  
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Electrophoretic Mobility Shift Assays (EMSAS) 
 Electrophoretic mobility shift assays (EMSAs) were performed in buffer consisting of 
50 mM Tris-HCl (pH 8), 1 mM EDTA, 50 mM NaCl, 10% glycerol, and 0.18 mg/ml of 
heparin. Substrates were incubated with various concentrations of protein for 20 minutes 
and then loaded onto a prerun 6% DNA retardation gel from Invitrogen. Gels were 
stained with Sybergreen for 40 minutes and the DNA fragments were visualized using a 
BioRad transilluminator.  
 
RESULTS 
Role of the Arm-Type Sites in Excision 
IntDOT was previously shown by footprinting to binds six arm-type sites, R1, 
R1ʹ, R2, R2ʹ in the attR site and L1, and L2 in the attL site (4) (Figure 8.1A). The role of 
these arm-type sites were examined previously in the in vitro intermolecular excision 
reaction (24). Plasmids containing mutations in the L1, R1, and R1ʹ sites showed a 10-20 
fold decrease in excision while plasmids with mutations in the R2 and R2ʹ sites had a 6 
fold decrease in excision. Excision reactions containing plasmids with mutations in the 
L2 site had no difference in excision frequency compared to wild-type (24).  
The same arm-type site mutations were introduced into the plasmids pCMK1018 
and pCMK1007, which contain the attL and attR sites as direct repeats on the same 
molecule. These plasmids contain the attL and attR site with either the same 
(pCMK1007) or different (pCMK1018) overlap sequences (6). The excision frequency 
with wild-type attL and attR sites ranged from 1.4-33% depending on whether Exc was 
present and if the overlap sequence was the same or different (Figure 8.1B). A series of 
plasmids was constructed to introduce mutations in the 6 bp conserved sequence found in 
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each arm-type sites into the plasmids pCMK1018 and pCMK1007, respectively (Table 
8.1). Thus, each mutant site was introduced into plasmids containing the same or 
different overlap sequences and these plasmids were tested in the intramolecular excision 
reaction (Figure 8.1B). Plasmids containing mutations in R2, R2ʹ, and L2 sites showed no 
decrease in excision frequency regardless of the conditions used in the reaction. We 
conclude that these sites were not required for excision. Plasmids with mutations in the 
R1ʹ, R1, and L1 sites showed no detectable excision when the overlap sequences were 
different and the plasmids with mutations in the R1 and L1 sites yielded minimal excision 
if the overlap sequences were the same (13). We conclude that the L1, R1, and R1ʹ arm-
type sites are required for intramolecular excision.  
 
EMSA Analysis of the Xis2c and Xis2d Proteins with the attL and attR Sites 
  In order to identify the possible binding sites of the Xis2c and Xis2d proteins, we 
performed EMSA analysis using DNA fragments containing the attL or attR sites. An 
EMSA analysis of the attL (240 bp) and attR (221 bp) sites was conducted using the 
partially purified Xis2d protein (Figure 8.2). When Xis2d is incubated with DNA 
containing the attR site, multiple bands are observed at high concentrations (Figure 
8.2A). As the concentration of the Xis2d protein is decreased, three bands are observed 
with only two of the three observed at the lowest concentration of the Xis2d protein 
(Figure 8.2A: Lane 5-6). There was no observable shift when using non-specific DNA as 
the template (Data not shown). When the Xis2d protein was incubated with the DNA 
fragment of the attL site, no shift was observed (Figure 8.2B).  
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  The Xis2c protein was used as a crude extract in the in vitro intramolecular 
excision reaction done previously (6). Recently, we developed a protocol for partially 
purifying the Xis2c protein resulting in a preparation that is greater than 90% pure. 
However, the Xis2c protein is unstable and rapidly loses activity after purification and 
activity varies widely between preparations. An EMSA analysis of the Xis2c protein with 
the attL and attR sites was conducted (Figure 8.3A). The Xis2c protein binds the attR site 
and only one band is observed at higher concentrations suggesting that there may be only 
one site. The Xis2c protein does not bind the attL site (Figure 8.3B). Thus, both the Xis2c 
and Xis2d proteins only bind the attR site in our EMSA analysis. Thus, it is likely that the 
Xis2c and Xis2d proteins only bind the attR site during excision.  
 
Identification of the Xis2d and Xis2c Binding Sites 
  To further narrow down the Xis2d binding sites on the attR site, we performed 
fluorescent DNA footprinting (25). Reactions were performed using the entire attR site 
and were incubated with decreasing concentrations of the Xis2d protein. At higher 
concentrations of the Xis2d protein, a region of protection of approximately 70 bp was 
identified from positions -145 to -75 on the attR site (Data not shown). The region of 
protection included the R1 and R1′ arm-type site which were shown above to be bound 
by IntDOT during excision. Furthermore, the entire region of Xis2d protection was 
simultaneously lost at the same time during footprinting. Thus, we were unable to 
identify the individual sites bound by Xis2d by footprinting analysis within this region.  
In order to determine the basepairs bound by Xis2d, we performed EMSAs of the 
region identified above. Although multiple bands were observed when incubating the 
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Xis2d protein with the entire attR site, a 44 bp fragment from positions -148 to -105 was 
shown by EMSA analysis to produce one distinct band when incubated with the Xis2d 
protein (Figure 8.4: Lane 3). A series of fragments were constructed that changed every 
set of 8 bp within the fragment starting from the 5’ end to its complement and these 
fragments were tested by EMSA analysis for the ability of the Xis2d protein to shift these 
fragments (Figure 8.4B). Two fragments containing adjacent 8 bp mutations, with 4 bp 
overlapping, in the 44 bp fragment were only shifted about 5% compared to the wild-type 
fragment. When all 12 bp were changed to their complement in the 44 bp fragment, the 
Xis2d protein was unable to shift it. This site was named the D1 site. Using the sequence 
of this site as a guide, a second Xis2d binding site, the D2 site, was located 22 bp 
downstream of the D1 site. It shares 9 out of the 12 bp identity with the D1 site (Figure 
8.5A). A DNA fragment containing the D2 site but not the D1 site was shifted by the 
Xis2d protein (Data not shown). When the entire attR site containing mutations that 
changed the 12 bp sequences in the D1 and D2 sites to its complement was incubated 
with the Xis2d protein, there was no detectable shift (Data not shown).  Furthermore, 
when an attR fragment containing the conserved 6 bp mutations in the R1 and R1′ sites 
was incubated with the Xis2d protein produced the same EMSA shift pattern as the wild-
type attR fragment (Data not shown). Thus, we identified two Xis2d binding sites, the D1 
and D2 sites. 
Because the Xis2c protein is unstable we have been unable to use it in 
footprinting the attR site. EMSA analysis of the Xis2c protein produced one distinct band 
suggesting that the Xis2c protein can bind independently of the Xis2d protein. After 
identifying the D1 and D2 sites, we examined the possible binding locations for the Xis2c 
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protein not bound by IntDOT, Xis2d, or the host factor on the 221 bp attR site. The first 
site is from positions -182 to -148 which is located upstream of the R1′ arm-type site. The 
second site is between the D1 and D2 sites. The distance between the D1 and D2 sites is 
22 bp which may be enough distance to allow for binding of the Xis2c protein. The last 
region are the bases located downstream of the D2 site from positions -92 to +1 which 
includes the R2 and R2′ arm-type sites. However, the host factor has been shown to bind 
in this area which would possibly prevent the Xis2c protein from binding this region 
during excision (K. Ringwald and J. Gardner, in preparation). Each region was examined 
for either direct or indirect repeats. The only direct repeats in these regions were located 
between the D1 and D2 sites. Two 10 bp conserved sequences were identified that share 
7 out of 10 bp in common and were tentatively named the C1 and C2 sites (Figure 8.5B). 
We have not shown that Xis2c actually binds these sites but for purposes of discussing 
these sites, we will refer to the sites as C1 and C2 (Figure 8.5). The C1 site does not 
conflict with the known binding sites of IntDOT, Xis2d, and the host factor during 
excision. The C2 site and the D2 site overlap by 4 bp.  
 
Mutational Analysis of the D1, D2, C1, and C2 Sites 
  To determine if the sites are involved in excision, we constructed plasmids for the 
in vitro intramolecular excision reaction containing mutations in each site (Figure 8.6A). 
Plasmids containing mutations to change the basepairs in the D1, D2, C1, and C2 sites to 
their complement were tested for excision frequencies with the same or different overlap 
sequences in the presence or absence of Exc. Of all the sites, mutations in the D1 site 
were the most severe. Excision was undetectable when substrates contained different 
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overlap sequences in the absence of Exc. Excision was decreased approximately 5 fold 
with the same overlap sequences in the presences Exc (Figure 8.6). The D2 and C1 sites 
showed an intermediate phenotype of a 2 to 3 fold decrease while plasmids containing 
mutations in the C2 site yielded wild-type levels of excision.  
   The proximity of these sites to each other suggests that the proteins could 
possibly interact cooperative interactions. To test this possibility, plasmids were 
constructed that contained either the C1C2 or D1D2 sites changed to their complement 
(Figure 8.6). We expected that substrates with mutations in two sites would decrease the 
excision frequency more than substrates with mutations in single sites.  Excision 
reactions using these substrates with C1 and C2 mutated or D1 and D2 mutated resulted 
in minimal excision suggesting that the binding of the Xis2c and Xis2d to the attR site 
may occur through cooperative interactions (See below). In the case of the Xis2d protein, 
this may explain the multiple bands observed during EMSA analysis of the attR site.  
 
Interactions of the Intdot and Xis2d Proteins on the attR Site 
  The D1 site is located adjacent to the R1 arm-type site suggesting possible 
interactions of the Xis2d protein with IntDOT (Figure 8.4A). To test if the Xis2d protein 
and IntDOT interact, we performed EMSAs with IntDOT and Xis2d added in 
combination to attR DNA (Figure 8.7).  Under the conditions used, the IntDOT protein 
cannot shift the attR site (Figure 8.7: Lane 4). In Lane 3, the Xis2d protein at a 
concentration of 2.7 µM was added to shift approximately half of the attR DNA (Figure 
8.7: Lane 3).  When IntDOT and Xis2d were added together a super shift of the attR site 
was observed (Figure 8.7: Lane 5).    The concentration of IntDOT in Lane 5 is the same 
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as the amount added in the in vitro intramolecular excision reaction. In addition, when the 
supershift complexes are formed there is almost no free DNA suggesting that formation 
of the complexes is cooperative (Compare Figure 8.7: Lanes 3 and 4 with Lanes 5 and 6). 
As the concentration of IntDOT decreases, (Figure 8.7: Lanes 6-7) the super shift is lost. 
We conclude that the binding of Xis2d and IntDOT to the attR site is cooperative. It 
appears that at least 4 nucleoprotein complex with different motilities are formed with the 
attR DNA.  The number of Xis2d and IntDOT proteins in the complexes is unknown.  
 
DISCUSSION 
A newly developed in vitro intramolecular excision reaction was shown to better 
represent in vivo excision conditions compared to the in vitro intermolecular excision 
reaction (5, 6, 20). Previously, two major differences were observed between the 
intermolecular and intramolecular excision reactions; the role of the Exc protein and the 
role of the overlap sequences. In this paper, we demonstrated that the role of the arm-type 
sites also differs between the intermolecular and intramolecular excision reactions. We 
hypothesize that these three differences may be caused by differences in the structure of 
the intasomes and synaptic complexes that forms during the intermolecular and 
intramolecular excision reactions (6).  
During intramolecular excision, four CTnDOT-encoded proteins: IntDOT, Xis2c, 
Xis2d, Exc and a host factor promote recombination by binding the attL and attR sites 
and forming two excisive intasomes. The intermolecular reaction requires IntDOT, 
Xis2c, Xis2d, and the host factor while the Exc protein does not stimulate the 
intermolecular reaction (20). However, the excisive intasomes formed during the 
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intermolecular and intramolecular excision reactions not only differ in the requirement 
for Exc but there are also differences in requirements for binding of IntDOT at different 
arm-type sites. In the intermolecular excision reaction, no single arm-type site was 
absolutely required for excision. Substrates containing mutations in five of the six arm-
type sites (all except L2) had between a 6-15 fold decrease in excision. Furthermore, 
substrates containing mutations in multiple arm-type site still had detectable excision 
(24). This suggests that there are cooperative interactions between IntDOT monomers 
bound to the arm-type sites that allow recombination to proceed despite mutations in the 
arm-type sites. In the intramolecular excision reaction, the L1, R1, and R1ʹ arm-type sites 
are absolutely required while there is no difference in excision frequency in substrates 
containing mutations in the other 3 arm-type sites. It is possible that the mutations in the 
L1, R1, and R1ʹ arm-type sites have strong effects because cooperative interactions do 
not compensate for the binding defects. The differences in the role of the arm-type sites 
may be caused by architectural differences in the intasomes.  
 Following the first strand exchange during recombination, both the 
intermolecular and intramolecular excision reactions require 2 bp of homology in the 
overlap site to form the HJ intermediate in the synaptic complex. During the 2nd strand 
exchange, the role of the overlap sequences differs between the intermolecular and 
intramolecular excision reactions. The intramolecular excision reaction is sensitive to 
substrates containing different overlap sequences and excision is decreased 10-30 fold 
(6). There is no difference in the intermolecular excision reactions between substrates 
with the same or different overlap sequences (5). Presumably, the structure of the HJ 
complex in the intermolecular reaction allows IntDOT to recombine the same or different 
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overlap sequences at equal frequency unlike the intramolecular reaction where there is a 
bias for substrates with the same overlap sequences. It was previously suggested that the 
Exc protein may be involved in resolving HJs with different overlap sequences and 
possibly by affecting the structure of the synaptic complex (6).  
There is also the possibility that the interactions between the core region and 
IntDOT may affect the role of the overlap sequences during the intermolecular and 
intramolecular excision reaction. IntDOT was previously shown to have an increased 
affinity for the core site compared to Lambda Int by EMSA analysis. IntDOT can bind 
and shift the D and D′ core sites of attDOT by EMSA analysis unlike Lambda Int which 
is unable to shift the core of attP (15, 16, 24). In the Lambda system, an Int mutant 
(IntE174K, also referred to as Int-h) was isolated due to a decreased need for IHF during 
integration. It was shown that Int-h has an increased affinity for the core binding sites (7, 
12). Int-h was capable of integrating into attB sites that lacked homology between the 
attP and attB sites. This event is not observed with wild-type Lambda Int. It was also 
shown that Int-h can recombine sites with different overlap sequences and decreases the 
need for accessory factors The affinity of IntDOT for the core during integration and in 
vitro intermolecular excision may overcome the effect of different overlap sequences on 
recombination and allow IntDOT to recombine at equal frequencies (9, 11, 24).  
We also identified the binding sites of the accessory protein of CTnDOT excision. 
The Xis2c and Xis2d proteins bind only the attR site during excision. This is the first 
time that the binding locations for a system with two RDFs have been characterized. 
Interestingly, both proteins bind the same region during excision to help form the 
excisive intasome on the attR site. EMSA analysis of the Xis2d protein on the attR site 
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produced several distinct bands at higher concentrations of Xis2d. As the concentration 
of Xis2d was decreased, two distinct bands were observed. It is possible that these bands 
represent a filament forming on the attR site similar to the filament made by Lambda Xis 
on the attR DNA (1). Our EMSA analysis indicates that there are two sites for the Xis2d 
protein, the D1 and D2 site. When these sites were mutated on an attR DNA fragment, 
the Xis2d protein was unable to shift it.  
In the Lambda excision system, there are only 8 bp between the X1 and X2 sites. 
Recently, this region has been shown to contain another binding site for Lambda Xis and 
is now called the X1.5 site (1). There are 22 bp between the D1 and D2 sites. This region 
was identified as a possible binding site for the Xis2c protein. Within this region, two 10 
bp direct repeats were observed and tentatively named the C1 and C2 sites. The C1 site 
does not overlap any known binding site for the other proteins involved in excision but 
the C2 site overlaps the D2 site by 4 bp. However, when the Xis2c protein was incubated 
with attR DNA, only one shift was observed. This may be because the concentration of 
the Xis2c preparation was low so there was not enough protein to shift the entire attR 
fragment. It is possible that an additional complex may occur at higher concentrations of 
the Xis2c protein. At higher concentrations, there is a possibility that the shift may 
produce more than one band.  
Substrates containing mutations in the D1, C1, C2, and D2 sites were tested for 
excision in the intramolecular excision reaction. Substrates containing mutations in the 
D1 site decreased the excision frequency by 5 fold to not detectable excision.  Plasmids 
with mutations in the C1 and D2 sites had a 2-3 fold decrease in excision while substrates 
with mutations in the C2 site had wild type excision. However, plasmids containing 
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mutations in the C1 and C2 sites or the D1 and D2 sites had no detectable excision. This 
suggests that the protein binding to these sites may be cooperative. Difficulties in 
purification of the Xis2c protein prevent us from conducting EMSA or footprinting 
analysis of these potential binding sites.  
The D1 and D2 sites are located adjacent to the R1 arm-type site which is 
required for excision. The D1 and R1 sites overlap by 1 bp. This suggests the possibility 
that IntDOT interacts with the Xis2d protein bound to the D1 site during excision. When 
we performed an EMSA analysis of the binding of the IntDOT and Xis2d protein to the 
attR DNA fragment, we observed a super shift. This shift represents a complex that forms 
between the two proteins on the attR site presumably at the R1 and D1 sites. The 
stoichiometry of the Xis2d and IntDOT proteins in this complex is currently unknown. In 
the Lambda system, there was difficulty in determining the stoichiometry of the complex 
that forms between the proteins which was only finally characterized by a crystal 
structure (1, 2, 22).  
In conclusion, we showed that the intramolecular excision reaction continues to 
show different requirements when compared to the intermolecular excision reaction. 
Previously, we showed that the role of Exc and homology in the overlap sequences had a 
direct effect on the excision frequency. In contrast, the intermolecular excision reaction 
does not require homology in the overlap sequences (6). We now show that different 
arm-type sites are required between the two reactions. In the intramolecular excision 
reaction, three arm-type sites are required. Presumably, the difference in architecture of 
the intasomes and synaptic complex causes different interactions of IntDOT with the 
arm-type sites. We also characterized the binding sites of the Xis2d and possible binding 
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sites of the Xis2c protein during excision. Furthermore, IntDOT and Xis2d appear to 
form a complicated complex on the attR DNA during excision which will be 
characterized in the future by crystal structure analysis.  
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TABLES 
 
Plasmids Antibiotic 
Resistance 
Description 
pRA102 Kan A pir+ dependent plasmid containing the Lambda attP site.  (Cho et 
al. 1999) 
pCMK937 Kan attDOT cloned into the AvaII site of pRA102.  The overlap sequence 
is GCTTAGT. 
pCMK1018 Kan, Cam attL and attR separated by 1444 bp. Overlap sequences are different 
(D). 1 
pCMK1007 Kan, Cam Site directed mutagenesis of pCMK1018 to change the overlap 
sequences to the same (S). 2  
pCMK972 Kan, Cam pCMK1018 with mutated R1′ arm-type site.  
pCMK973 Kan, Cam pCMK1018 with mutated R1 arm-type site. 
pCMK974 Kan, Cam pCMK1018 with mutated R2 arm-type site. 
pCMK975 Kan, Cam pCMK1018 with mutated R2′ arm-type site. 
pCMK976 Kan, Cam pCMK1018 with mutated L1 arm-type site. 
pCMK977 Kan, Cam pCMK1018 with mutated L2′ arm-type site. 
pCMK978 Kan, Cam pCMK1007 with mutated R1′ arm-type site.  
pCMK979 Kan, Cam pCMK1007 with mutated R1 arm-type site. 
pCMK980 Kan, Cam pCMK1007 with mutated R2 arm-type site. 
pCMK981 Kan, Cam pCMK1007 with mutated R2′ arm-type site. 
pCMK982 Kan, Cam pCMK1007 with mutated L1 arm-type site. 
pCMK983 Kan, Cam pCMK1007 with mutated L2′ arm-type site. 
pCMK1049 Kan, Cam pCMK1007 with mutated D1 site. 
pCMK1050 Kan, Cam pCMK1007 with mutated D2 site. 
pCMK1051 Kan, Cam pCMK1007 with mutated D1D2 site. 
pCMK1052 Kan, Cam pCMK1018 with mutated D1 site. 
pCMK1053 Kan, Cam pCMK1018 with mutated D2 site. 
pCMK1054 Kan, Cam pCMK1018 with mutated D1D2 site. 
pCMK1055 Kan pCMK937 with mutated D1 site. 
pCMK1056 Kan pCMK937 with mutated D2 site. 
pCMK1057 Kan pCMK937 with mutated D1D2 site. 
pCMK1058 Kan, Cam pCMK1018 with mutated C1 site. 
pCMK1059 Kan, Cam pCMK1018 with mutated C2 site. 
pCMK1060 Kan, Cam pCMK1018 with mutated C1C2 site. 
pCMK1061 Kan, Cam pCMK1007 with mutated C1 site. 
pCMK1062 Kan, Cam pCMK1007 with mutated C2 site. 
pCMK1063 Kan, Cam pCMK1007 with mutated C1C2 site. 
 
Table 8.1. Plasmids used in this chapter. 1 The overlap sequence of attL is GCGCAAT 
and attR is GCTTAGT. 2 The overlap sequence of attL is GCTTAGT and attR is 
GCTTAGT.  
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Primers Forward Reverse 
attR 
footprinting 
primers 
GCC ATC CAT ACC CGT TTG TCG CAT 
TAT CGG GCATGG 
CTG CCATGA TAT AAT TACTGT 
TTA GTATTT TAA CTA AGC 
D1 Site 
Directed 
Mutagenesis 
Primers 
CGC ATT ATC GGG CAT GGTTAC GAA 
CAA GTA ACGTTC ACC GCA GTC CTT 
TTG GCT TTT GCT GTG ATT 
GTA CTG GCT TCA CG 
CGT GAA GCC AGT ACA ATC ACA 
GCA AAA GCC AAA AGG ACT GCG 
GTG AAC GTT ACT TGT TCG TAA 
CCA TGC CCG ATA ATG CG 
D2 Site 
Directed 
Mutagenesis 
Primers 
GGGTTT TAGTTG AAGTGG 
CTATAATAG CACTTC GGT CTA 
CAATCA CAG CAA AAG CC 
GGCTTT TGC TGT GAT TGT AGA 
CCG AAGTGC TAT TAT AGC 
CACTTC AACTAA AAC CC 
C1 Site 
Directed 
Mutagenesis 
Primers 
CGA ACA AGT AAC GTT GTG GCG TCA 
GGA TTT GCG AAA ACG ACT GAT TGT 
ACT GGC TTC ACG AAT TAT AGC C 
GGC TAT AAT TCG TGA AGC CAG 
TAC AAT CAG TCG TTT TCG CAA 
ATC CTG ACG CCA CAA CGT TAC 
TTG TTC G 
C2 Site 
Directed 
Mutagenesis 
Primers 
CGA ACA AGT AAC GTT GTG GCG TCA 
GGA TTT GGC TTT TGC TGT CTA ACA 
TGA CGC TTC ACG AAT TAT AGC C 
GGC TAT AAT TCG TGA AGC GTC 
ATG TTA GAC AGC AAA AGC CAA 
ATC CTG ACG CCA CAA CGT TAC 
TTG TTC G 
C1-C2 Site 
Directed 
Mutagenesis 
Primers 
CGA ACA AGT AAC GTT GTG GCG TCA 
GGA TTT GCG AAA ACG ACT CTA ACA 
TGA CGC TTC ACG AAT TAT AGC C 
GGC TAT AAT TCG TGA AGC GTC 
ATG TTA GAG TCG TTT TCG CAA 
ATC CTG ACG CCA CAA CGT TAC 
TTG TTC G 
 
Table 8.2. Primers used in this paper. 
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FIGURES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.1. The arm-type sites were evaluated using the in 
vitro intramolecular excision reaction. Plasmids containing 
the wild-type attL and attR sites produced a range of 
excision frequency from 1.4-33.3 depending on the overlap 
sequence being the same (S) or different (D) and if Exc was 
absent (-) or present (+).  Plasmids containing mutations in 
each arm-type sites were evaluated for excision frequency 
which ranged from not detectible (ND) to wild-type 
excision.  
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Figure 8.4. Identifying the Xis2d site on attR.  A. A 44bp fragment was constructed 
that is shifted by the Xis2d protein.  Eight basepair mutations were introduced into 
these fragments and tested for binding by the Xis2d protein. Only the sequences for 
4 out of the 11 fragments are shown above.   B. Lane 1 is the 100bp DNA ladder.  
Lane 2 is the 44bp fragment without protein.  Lane 3 contains the shift produced by 
the Xis2d protein on the wild-type DNA substrate.  Lanes 4-7 show the shift 
produced by fragments 5-8.  
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Figure 8.7. EMSA analysis of IntDOT and Xis2d on the attR site. Lane 1 
contains the 100bp ladder. Lane 2 is the attR site without any protein added 
to the reaction.  Only enough Xis2d protein was added to Lane 3 to shift 
half of the attR fragment.  In Lane 4, the IntDOT protein is not capable of 
shifting the attR site by itself.  Lanes 5-7 contain the same concentration of 
the Xis2d protein at 2.7µM .  IntDOT was added in decreasing 
concentrations from 13.5 µM  to 3.4 µM in Lanes 5-7   
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CHAPTER NINE 
CONCLUSIONS 
 
My thesis has focused on the mechanism of excision and transfer of CTnDOT.  
Over the course of my studies I have characterized the role and binding sites of the 
proteins involved in excision.  I also demonstrated that the Xis2c and Xis2d proteins 
activate the transfer operon of CTnDOT.   
In Chapter 2, I developed an in vitro intramolecular reaction with an excision 
substrate that contains direct repeat copies of the attL and attR sites on the same plasmid. 
Before I started work on this project, it was known that the proteins required for 
intramolecular excision were IntDOT, the host factor, Xis2c, and Xis2d.  My work 
showed that the addition of Exc to the reaction increases the excision efficiency. This 
allowed me to successfully develop an in vitro excision reaction that is stimulated by 
Exc. This is the first demonstration of a role for Exc in vitro. Surprisingly, I also found 
that the overlap sequences in the attL and attR sites affected the efficiency of excision.  
This finding suggests that there are differences between the integration and the 
intermolecular reactions compared to the intramolecular excision reaction in the abilities 
of the recombination complexes to resolve Holliday junctions (HJs) with mismatches in 
the overlap sequences to products. Further work will center on studying the resolution of 
HJs with the arm-type site by the accessory proteins BHFa, Xis2c, Xis2d, and Exc.  
In Chapter 3, I demonstrated that Xis2c and Xis2d bind upstream of the Ptra 
promoter and activate expression of the transfer operon.  The ability for Xis2c and Xis2d 
to not only promote excision of CTnDOT but to also activate a promoter has only been 
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observed in one other system.  The Cox protein of the phage P2 is also a recombination 
directionality factor that activates a promoter and is involved in excision. The Cox 
protein activates the PLL promoter on the P4 phage by binding upstream, but the 
mechanism of activation is unknown.  In the CTnDOT system, I showed that Xis2c and 
Xis2d bind upstream of the transcription start site.  Future work will focus on identifying 
the binding sites of the Xis2c and Xis2d protein.  The binding locations may suggest a 
possible mechanism of activation.  In addition, interactions between Xis2, Xis2d, and 
RNA polymerase should be studied, if possible.  
In Chapter 4, I discussed creating an in vivo indicator strain for CTnDOT in E. 
coli. I constructed the different plasmids needed for the system and discussed the details 
of the strain construction.  However, problems were encountered using the lacZα gene as 
an indicator for excision. The next step would be to construct a strain using the lacZ gene 
as the indicator.  Mutants can then be isolated in the excision genes.  
In Chapter 5, I discussed isolating substitutions in the IntDOT protein in an 
attempt to locate the 2nd amino acid involved in HJ resolution. Previously, substitutions to 
the V95 amino acid of IntDOT were isolated that lacked the ability to resolve HJs and 
this amino acid was classified as part of the coupler (the two amino acids involved in HJ 
resolution). In my search for the other amino acid, I isolated two substitutions that were 
defective in integration. When a double substitution was constructed with the V95M 
substitutions, integration was partially restored, indicating that this amino acid may be the 
second part of the coupler.   The next step will be to test protein extracts of these 
substitutions in an in vitro HJ resolution assay.  
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In Chapter 6, I constructed an in vivo system to isolate potential attB sites for 
integration in E. coli.  A plasmid containing attDOT was integrated into the genome 
using IntDOT.  DNA extracted from colonies was sequenced to identify the attB site.  I 
successfully characterized a few attB sites.  Future work will center on repeating and 
sequencing more attB sites to generate a possible pattern.  
In Chapter 7, I evaluated the ability of the excision proteins to catalyze 
recombination on a plasmid containing the attL and attR sites as indirect repeats. 
Inversion was observed by PCR analysis and was found to occur when the excision 
proteins were added. In the future, the efficiency of this reaction should be measured to 
determine the inversion frequency.  
In Chapter 8, I continued my work with the in vitro intramolecular excision 
reaction. Previously, two major differences were observed between the in vitro 
intermolecular and in vitro intramolecular excision reactions: the role of the Exc protein 
and the role of the overlap sequences. I hypothesized that these differences, especially in 
the case of Exc, may be caused by differences in the structure of the intasomes and 
synaptic complex that forms during excision. In this chapter, I demonstrated that the role 
of the arm-type sites also differ between the two assays. In the in vitro intermolecular 
excision reaction, no arm-type site was required for excision. This was not the case in the 
in vitro intramolecular excision reaction where the L1, R1, and R1ʹ sites were required. A 
possible explanation for the differences in the role of the arm-type sites and the role of 
the overlap sequences may be caused by differences in affinity for the core region by 
IntDOT.  I also identified the binding sites of the Xis2c and Xis2d proteins and measured 
the excision frequency of substrates containing mutations in each site.  
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